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With more than 200 GW of accumulated installations in 2015, photovoltaics 
(PV) has become an important green energy harvesting method. The PV market is 
dominated by solar cells made from crystalline silicon wafers. The engineering of the 
wafer surfaces is critical to the solar cell cost reduction and performance enhance-
ment. Therefore, this thesis focuses on the development of surface etching techno-
logies for monocrystalline silicon wafer solar cells. It aims to develop a more 
efficient alkaline texturing method and more effective surface cleaning processes. 
Firstly, a rapid, isopropanol alcohol free texturing method is successfully demon-
strated to shorten the process time and reduce the consumption of chemicals. This 
method utilizes the special chemical properties of triethylamine, which can form Si-
N bonds with wafer surface atoms. Secondly, a room-temperature anisotropic emitter 
etch-back process is developed to improve the n
+
 emitter passivation. Using this 
method, 19.0% efficient screen-printed aluminium back surface field solar cells are 
developed that show an efficiency gain of 0.15% (absolute) compared with conven-
tionally made solar cells. Finally, state-of-the-art silicon surface passivation results 
are achieved using hydrogen plasma etching as a dry alternative to the classical 
hydrofluoric acid wet-chemical process. The effective native oxide removal and the 
hydrogenation of the silicon surface are shown to be the reasons for the excellent 
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Chapter 1: Motivation 
1.1 Development of the photovoltaic market  
As humanity has reached an unprecedented level of prosperity, the consumption 
of electricity continues rocketing up. In order to sustain the economic development, more 
energy has to be pumped into each corner of our society for heating, cooling, lighting, 
computing, communication, and so on. The world energy production has doubled over 
the past 40 years to about 150,000 TWh by 2012 [1] and is expected to reach 200,000 
TWh by 2035 [2]. The massive consumption of fossil fuels not only causes pollution and 
the greenhouse effect, but also imposes challenges to energy security in the long run. 
Using a clean and abundant energy source, therefore, becomes compelling and necessary 
for the sustainable development of the economy.  
Solar energy, in the form of light and heat radiation, is theoretically inexhaustible 
in supply and always available for use, so it could potentially well address the pollution 
and energy security problem. For example, the total solar energy received in Singapore 





and Singapore’s land size of 710 km2), more than Singapore’s energy consumption of 60 
TWh in 2013 [4]. In order to utilize the ample energy from the sun, efficient energy 
harvest and conversion technologies are required. Photovoltaics (PV) is such a techno-
logy, by converting the sunlight directly to electricity. 
The market adoption of PV has accelerated. In the past two decades, the world-
wide accumulative installation of PV systems has grown from 0.1 GW to about 177 GW 
in 2014 [5]. In Europe, PV systems now generate more than 3% of the annual electricity 
[5]. This figure has even reached 7% in Italy, Greece and Germany [5]. What is even 
more remarkable is that, in 2013, the newly added PV capacity in Europe was 10.4 GW, 
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i.e., more than the 9.4 GW from new fossil fuel plants [6]. Besides Europe, other parts of 
the world are also deploying PV systems quickly. In 2014, China, Japan and USA 
installed 26.5 GW, equivalent to 68% of the world total installation [5]. Singapore also 
has adopted about 15 MW of PV systems by 2014 [4].  
The costs of PV systems continue to drop as the installations increase. In 2013, 
the levelised cost of electricity (LCOE)
1
 of PV systems in Singapore was in the range of 
0.19 – 0.27 S$/kWh [3], and thus close to grid parity. Today, the global momentum of 
PV deployment has been built up, gradually transforming the power generation sector. 
PV has never before been so relevant to everyone’s life. The improvement of PV system 
performance and the reduction of PV system costs will further stimulate the adoption of 
PV systems, benefiting both producers and consumers.  
1.2 Monocrystalline silicon solar cells 
Photovoltaic solar power generation is realized by so-called solar cells. The 
monocrystalline silicon solar cell, fabricated using monocrystalline silicon wafers, is one 
of the major solar cell types, taking about 40% of the current market [3]. Monocrystalline 
silicon solar panels have several advantages: (1) they have higher efficiency compared to 
multicrystalline silicon or thin-film solar panels; (2) the supply of silicon is plentiful; (3) 
As the balance of system (BOS) costs are more than half of the total PV system cost [3], 
solar panels with higher efficiency help to reduce the LCOE; (4) they can maintain a high 
performance (< 1% degradation per year [7]); (5) their durability and longevity are 
helpful to obtain bank financing, which further accelerates the adoption of PV systems; (6) 
                                                     
1
 The LCOE represents the per-kilowatt hour cost (in real dollars) of building and 
operating a power plant over an assumed financial life and duty cycle.  An example of the 
calculation is given in [3]. 
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since they can produce more electricity per unit area, they are more favoured in urban 
settings, such as in Singapore, where the land space is constrained.  
However, monocrystalline silicon solar cells are still more expensive ($/Wp) than 
multicrystalline silicon solar cells, because of the higher cost of the wafer. To strengthen 
the market competitiveness of monocrystalline silicon solar cells, further efforts are 
required to reduce the cost ($/Wp) by upgrading the fabrication processes and by 
enhancing the solar cell efficiency. This thesis tries to contribute to these goals, by 
focusing on surface etching technologies for monocrystalline silicon wafer solar cells. 
Surface etching mainly serves three purposes during semiconductor device 
fabrication: create surface structures, eliminate surface damages and remove surface 
contaminations. In the context of the monocrystalline silicon solar cell, an alkaline 
texturing process is used to create micrometre-sized upright random pyramids on the 
wafer surface (to reduce optical reflection and improve light trapping within the wafer). 
Furthermore, various cleaning (or conditioning) steps [e.g. hydrofluoric acid (HF) 
dipping] can be used to remove surface contaminants and defects (to enable high-quality 
diffusion and surface passivation processes). 
1.3 Surface etching technologies 
Silicon etching technologies are crucial for the Si wafer solar cell industry, 
because (i) without a surface texture a large portion of the solar spectrum will be 
reflected or transmitted (and thus not generate electricity), and (ii) without surface 
cleaning or conditioning, the structural defects, native oxide, organic contaminations, 
alkali ions, metallic species will reduce the efficiency, stability and energy yield of the 
device. Thus, etching and cleaning steps are very important for producing high-efficiency 
silicon solar cells. 
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The added value from the improvement of surface etching technologies is not 
restricted to a specific type of Si solar cell, but can potentially be extended to other Si 
based solar cells. For example, an improved texturing process can be adopted by almost 
all monocrystalline Si solar cell manufacturers because the textured surface is almost 
universally used during the production. Another example is that a better emitter cleaning 
will benefit the production of the industrial standard aluminium back-surface-field 
(Al-BSF) or aluminium local back-surface-field (Al-LBSF) solar cells, because they both 
use a phosphorus doped emitter. 
In this thesis, surface etching technologies are addressed in the following way:  
(i) Firstly, the thesis is organized based on the function of the etching process: from 
texturing to cleaning. The cleaning process is further divided into two parts: the 
cleaning of diffused surfaces (n
+
) for Al-BSF solar cells and the cleaning of 
undiffused wafers for heterojunction (HET) solar cells. 
(ii) Secondly, the thesis covers three types of etching methods: alkaline wet etching, 
acidic wet etching and plasma dry etching.  
In the following, the motivation of each sub-topic will be further elaborated. 
1.3.1 Rapid IPA-free alkaline texturing process 
The monocrystalline silicon texturing process is an alkaline wet-chemical etching 
process to form the random pyramidal shaped surface structures [see Figure 2.6(c)]. The 
pyramidal texture reduces the surface reflectance by the so-called double-bounce effect 
[see Figure 2.7], whereby the surface reflectance is reduced by almost a factor of three 
compared with a planar surface (2.11). It was applied to solar cells for the first time in 
1974 by Haynos et al. [8]. The etching solution normally consists of potassium hydroxide 
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(KOH), isopropyl alcohol (IPA) and water (H2O). It is a standard process during the 
fabrication of monocrystalline silicon solar cells.  
However, the demand for further cost reduction and process simplification 
requires innovations towards a more efficient process, because the KOH/IPA process has 
one obvious disadvantage: it takes a long time and consumes considerable amounts of 
chemicals, limiting its throughput and cost-effectiveness. For example, the normal 
process takes 20 - 40 min with an IPA concentration of 3 - 10 vol% [9-11]. Thus, a 
shorter process time (5 - 10 min) and a lower consumption of chemicals are desired to 
improve the throughput and reduce the cost.  
Because of the obvious disadvantage, there have been attempts to improve the 
process, but most of the proposed processes take longer than 10 min (see Section 2.3.3). 
Moreover, the process development is rather empirical without explicitly proposed 
guidelines. In this thesis, therefore, a rapid IPA-free process will be developed and a 
process development guideline will be given. 
1.3.2 n+ emitter passivation improvement by a wet-chemical etch-back 
Today, phosphorous (P) doped emitters (n
+
 emitter) are widely used for the 
industrial production of p-type Si solar cells, such as the aluminium back-surface-field 
(Al-BSF) silicon solar cell and the aluminium local back-surface-field (Al-LBSF) solar 
cell. Ensuring a high-quality emitter passivation is critical, because the emitter 
passivation highly influences the open-circuit voltage (   ) [12, 13]. Further, for heavily 
doped n
+
 emitters, a 'dead layer' with inactive P dopants tends to form at the surface [14-
16], causing a poor blue response and a high carrier recombination rate [17, 18]. For 
these reasons, using the chemical etching method to ensure a clean, smooth and less 
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defective emitter surface prior to passivation, becomes important for high-efficiency 
silicon solar cells.  
Examples of existing emitter etching methods are HNO3/HF mixtures [19], the 
‘ECN Clean’ (BakerClean PV-160®) [20], dilute NaOH [21] and the ‘SERIS Etch’ [22]. 
These methods can improve the PV efficiency by 0.2 - 1.5% (absolute) and increase the 
emitter sheet resistance by about 10-25 Ω/sq. However, there are some drawbacks for 
these methods. The HNO3/HF etching is too fast so that it easily damages the pyramid 
structure (see Section 2.3.3), adding difficulties in process control. The alkaline solutions 
(NaOH, KOH, ‘SERIS’ Etch) require heating and an additional cleaning, making the 
process more complicated. Therefore, a room temperature process with only simple 
modifications of the current process would be an improvement in this emitter etching step. 
In this thesis, the HF solution is modified (by adjusting its pH value) and applied 
as an n
+
 emitter etch-back method. The etching takes place at room temperature and is 
compatible with the current fabrication process. This study will also enhance the under-
standing of the etching characteristics of buffered HF solutions on phosphorus-doped 
textured emitters.  
1.3.3 Hydrogen plasma etching for heterojunction solar cell applications 
The fabrication of HET silicon solar cells involves no diffusion process. Instead, 
heterojunctions are formed by depositing doped amorphous silicon layers onto the front 
and back surface (see Figure 2.4). A thin (~5 nm) intrinsic amorphous silicon [a-Si:H(i)] 
layer is sandwiched between the doped layer and the silicon wafer [23], providing a high-
quality passivation of the interface. The high-quality interface passivation results in very 
high open-circuit voltages (   ) (up to 750 mV by 2015 [24]). Because of this high    , 
an efficiency of 25.6% was recently achieved by Panasonic [25], which is currently the 
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world-record efficiency for a single-junction monocrystalline silicon solar cell. The 
passivation quality relies on the silicon surface cleaning/conditioning prior to the 
passivation process. The technology leader, Panasonic (previously Sanyo), has empha-
sized that a key for the improvement of     is improving the wafer cleaning techniques 
[26-29]. The details of the cleaning techniques have not been disclosed. Thus, developing 
a new surface etching method, which is simple but effective in improving the interface 
passivation, is important for the further development of HET solar cells. 
Several studies have shown that a treatment with a hydrogen plasma before, 
during or after the a-Si deposition process can improve the passivation quality [30-32]. It 
has also been shown that a hydrogen plasma can etch silicon oxide [33]. Therefore, it 
becomes attractive to use a hydrogen plasma to provide native oxide etching and surface 
treatment in the single step. If the hydrogen plasma could replace the HF acid process for 
oxide removal, not only the handling of hazardous HF acid is avoided, but also contami-
nation during the wafer transfer is minimized. However, there is no report as yet on a 
successful demonstration of a rapid and effective hydrogen plasma cleaning process for 
Si surface passivation with amorphous silicon.  
Supported by a public grant from Singapore’s National Research Foundation 
(NRF, grant number NRF2010EWT-CERP001-022) that aims to realize high-efficiency 
and high-throughput HET solar cells, SERIS (Solar Energy Research Institute of 
Singapore) and SINGULUS (SINGULUS TECHNOLOGIES AG, Germany) designed an 
inline ICP (inductively coupled plasma) platform that can generate a high-density plasma 
with low ion energies (~12 eV). The machine is also equipped with an automated wafer 
handling system and a precise process control. With this machine, realizing an effective 
hydrogen plasma etching process for industrial HET solar cell fabrication becomes 
possible and is investigated in this thesis.  
8 
1.4 Thesis outline  
Chapter 2 starts with an introduction to carrier recombination mechanisms in 
silicon, to facilitate the understanding of surface cleaning and surface passivation. Then 
the Al-BSF and HET solar cells are introduced. The three above-mentioned surface 
etching methods (alkaline, acidic and plasma) are reviewed and discussed in the context 
of solar cell applications. Fundamentals of the physical and chemical interactions that 
control the dynamics of the etching processes are laid out. 
Given that the major drawback of the current alkaline texturing process is the 
long process time, in Chapter 3 a rapid IPA free texturing method is developed. In the 
new method, triethylamine (TEA) is used to substitute IPA as the additive, whereby the 
process duration is reduced by up to a factor of four. This is the first time that triethyl-
amine is shown to be able to rapidly and effectively induce the pyramidal nucleation, 
owing to its strong nucleophilic property. Combining triethylamine and tensioactive 
compounds (diethylene glycol), a multi-component texturing solution formulation 
method is successfully demonstrated. 
In Chapter 4, ammonia hydroxide is added to a dilute HF solution, to form a 
buffered HF solution with an increased pH value. The new solution introduces an etch-
back effect along pyramid facets via hydrolysis assisted silicon etching. By applying it to 
standard Al-BSF solar cells after the phosphosilicate glass (PSG) removal step, the 
average cell efficiency is shown to improve from 18.85% to 19.0% with a standard 
deviation reduction from 0.1% to 0.03%, using a batch size of ten wafers. The improve-
ment seems to result from the etch-back, which removes a thin defective surface layer 
from the surface.  
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In Chapter 5, hydrogen plasma dry etching of native oxide is investigated in an 
inline inductively coupled plasma-enhanced chemical vapour deposition (ICPECVD) 
machine. The method is intended as a dry alternative to hydrofluoric acid etching. 
Applying plasma etching before the a-Si:H(i) deposition not only removes the native 
oxide, but also introduces additional hydrogen to the a-Si/c-Si interface. This is the first 
successful demonstration of fast and effective hydrogen plasma etching on an industrial 
platform. The impact of process parameters such as temperature and hydrogen flow rate 
are studied with transmission electron microscopy and ellipsometric spectroscopy. 
Using the optimized process recipe developed in Chapter 5, Chapter 6 analyses 
the interface properties of plasma etched silicon wafers, and compares them with those of 
HF etched reference wafers. The origins of the different passivation results provided by 
the two etching methods are explained. In addition, the plasma etching process is also 
applied to textured silicon wafers, in order to investigate the influence of different surface 
orientations.  
Chapter 7 summarizes the research results obtained in this thesis and proposes 






Chapter 2: Fundamentals  
2.1 Recombination mechanisms in silicon  
In silicon, the photo-generated electrons and holes can recombine by releasing 
the corresponding energy. This process of annihilation of electrons and holes is called 
recombination. Recombination leads to a loss of light-generated charge carriers and 
hence to a reduction of the solar cell efficiency. Therefore, minimizing charge carrier 
recombination is crucial for achieving high-efficiency crystalline silicon solar cells. In 
fact, reducing the recombination rate at the surface is one of the purposes of an improved 
surface cleaning process. In this section, the basic recombination mechanisms will be 
introduced for the case of a homogeneously doped and field-free silicon wafer.  
2.1.1 Bulk recombination  
There are three fundamental recombination mechanisms in silicon [34]: radiative 
recombination, band-to-band Auger recombination and recombination via defect levels in 
the forbidden band gap. Since these recombination processes proceed independently form 
each other [34], the total bulk recombination rate is the sum of the rate of each recombi-
nation mechanism:  
                                (2.1) 
In order to quantify the effect of recombination on the solar cell performance, a 
concept termed carrier recombination lifetime   is used. If charge carrier trapping is 
negligible and if every photon generates an identical number of electrons and holes, then 
the excess concentrations of electrons and holes in the sample are equal:      . In this 







where   is the net recombination rate,         and         are the excess 
carrier concentrations,   and   the electron and hole concentrations, and    and    the 
thermal equilibrium concentration of electrons and holes. The total bulk carrier lifetime 
can be calculated from the individual carrier lifetimes [34]: 
 
     
 
 
          
 
 
      
 
 
       
 
(2.3) 
Next, each individual bulk recombination mechanism will be introduced. 
(1) Radiative recombination 
Radiative recombination occurs when an electron in the conduction band falls 
into an empty state (a hole) in the valence band, whereby the excess energy is released in 
the form of a photon, as depicted in Figure 2.1. The energy of the emitted photon 
normally corresponds to the band gap of the silicon. The corresponding carrier lifetime 
can be calculated by [34]: 
           
 
           
 
(2.4) 
where   is a material constant and has a value of 1.0×10-14 cm3 s-1 in crystalline silicon at 
300 K [35], and    and    are concentrations of electrons and holes at thermal equi-
librium. The small value of   indicates that the radiative recombination is insignificant in 
Si, which is because silicon is an indirect semiconductor and it must simultaneously emit 
a photon and a phonon to conserve both energy and momentum.  
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It can be seen from Eq. 2.4 that the radiative lifetime is related to the wafer 
doping concentration
2
 and the injection level. At low-injection conditions, the radiative 
lifetime depends on the doping concentration (    ); at high-injection conditions, the 
radiative lifetime depends on the injection level.  
(2) Band-to-band Auger Recombination 
Auger recombination is a three-particle process, where an electron recombines 
with a hole and transmits the excess energy to a third carrier (either an electron in the 
conduction band or a hole in the valence band). The electron or hole receiving the energy 
will be excited to higher energy level and then relaxes to the original energy level by 
emitting phonons. The Auger recombination process either involves two electrons and 
one hole (   ) or one electron and two holes (   ), as depicted in Figure 2.1. The corres-
ponding recombination rates of     and     are given as [36]           
     
     
and            
      
  , where    and    are Auger coefficients. The Auger 
recombination rate is the sum of the      and     : 
           
     
          
      
   (2.5) 
Based on Eq. (2.2), for      , the Auger recombination lifetime can be 
deduced as: 
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 As-cut wafers are the raw wafers which were cut from a silicon ingot without any 
further processing. The cutting process creates a severe surface damage (‘saw damage’).  
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  (2.7) 
                            (2.8) 
         (2.9) 
At low injection levels,    is insignificant compared to the doping level, but at 
high injection levels,    is more influential. 
The determination of    and    are important for the accurate calculation of the 





 [37]. However, the coefficients vary at lower doping level. This is largely 
due to Coulomb-enhanced Auger recombination caused by the Coulombic interactions 
between mobile charge carriers in silicon [38]. Therefore, a new parameterisation of 
Auger recombination with the consideration of Coulomb-enhanced recombination was 
introduced by Kerr and Cuevas [39]:  
       
  
                                               
 
(2.10) 
(3) Recombination via defects 
The existence of impurities, dislocations and defects induces energy states within 
the forbidden bandgap of Si. These defects are responsible for a two-step recombination 
process whereby a free electron from the conduction band first relaxes to a state within 
the bandgap and then to the valence band where it recombines with a hole. The model for 
recombination via defects was developed by Shockley and Read [40] as well as Hall [41], 
and is known as Shockley-Read-Hall (SRH) recombination.  
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For a single-level defect, the SRH recombination rate can be written as [40, 41]: 
        
           
  
    
  
 
    
  
 
     
 
                   
 (2.11) 
with:  
           
      
  
              




      
 
       
        
 
       
 
(2.13) 
where    and    are capture cross-sections for electrons and holes,     is the thermal 
velocity of charge carriers,    is the defect concentration,    is the intrinsic Fermi level 
and    is the energy level of the defect.     and     are the so-called capture time 
constants of holes and electrons. 
Using       and Eq. (2.2), the injection level dependent SRH lifetime can be 
calculated as follows: 
            
        
        
    
        






Figure 2.1. Bulk recombination mechanisms in silicon.  
From the above discussion it can be seen that radiative recombination and Auger 
recombination are only dependent on the wafer doping concentration (    ) and the 
injection level (  ). These two recombination mechanisms are intrinsic properties of 
silicon and thus cannot be avoided or eliminated via improved processing. In contrast, the 
bulk SRH recombination rate is influenced by the amount of defects in the wafer, and 
thus is predetermined by the wafer quality. Using a better-quality wafer, such as a float-
zone (FZ) wafer, will reduce the bulk SRH recombination rate. These three kinds of bulk 
recombination mechanisms are not affected by surface etching processes which, however, 
has great impact on the surface recombination rate. 
2.1.2 Surface recombination  
The surface represents the largest possible disturbance of the symmetry of a 
crystal lattice [34]. The discontinuity of the crystal lattice results in large amount of 
unsaturated bonds (dangling bonds). Because of the dangling bonds (DBs), a large 
density of defects (surface states) within the bandgap exists at the surface. Surface 
damage, dislocations and contaminants (oxide, metallic particles, and organic compounds) 










      
      
Radiative Auger SRH bulk
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also follows the SRH theory, which was discussed above. Thus, the surface 
recombination rate via a single-level surface state located at an energy level    can be 
written as [34]: 
         
              
  
     
  
 
     
  
 
       
 
     
   
 
     
   
 (2.15) 
with 
                and                 (2.16) 
where    and    are electron and hole concentrations at the surface,     is the surface 
state density at energy level   , and     and     are surface recombination velocity 
parameters for electrons and holes.  
It should be noted that     has a unit of cm
-2
, which is different from the unit cm
-
3









, and the          term has a unit of cm s
-1
 instead of a time constant 
[34]. 
For surface recombination, the surface recombination velocity can be defined as 
[34]: 
    
        
   
 
(2.17) 
where     is the excess minority carrier concentration at the surface.  
In reality, the surface states are distributed over the entire bandgap. Therefore, 
the total surface recombination rate is obtained by integration of the single-level 
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recombination rates over the bandgap. Using the energy dependent       and       and 
the energy dependent surface state density               , Eq. (2.12) can be written 
as [34]: 
                    
   
      
        
     
 
        





In many cases, for a silicon wafer passivated with a dielectric layer, there is a 
space charge region and a band bending at the surface under low-injection conditions. 
The details for the related calculation under the band bending condition can be found in 
[42, 43]. For non-flatband conditions, due to the complications in calculating the surface 
charge carrier densities, an effective surface recombination velocity (Seff) at a virtual 
boundary positioned at the edge of the space charge region within the wafer has been 
introduced [34]. The general form of Seff for a symmetrically passivated sample under low 
injection conditions can be expressed as [34]: 
         
 
    
 
 
     








    
 
 
     
   
(2.19) 
where D is the diffusivity, W is the wafer thickness and eff is the effective lifetime 
resulting from the combination of surface and bulk recombination.  
If the      is small (i.e., good surface passivation), the tan function in Eq. (2.19) 
can be linearly approximated, giving [34]: 
 
    
 
 
     
 




On the other hand, for very large      values, Eq. (2.19) can be written as [34]: 
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Figure 2.2. Illustration of surface SRH recombination. 
 
2.2 Introduction to solar cell architectures and fabrication processes 
2.2.1 Al-BSF solar cells 
The Al-BSF solar cell is most commonly found in industrial production. Its 
fabrication process is summarized in Figure 2.3. The p-type silicon wafer firstly goes 
through an alkaline texturing process to remove the saw damage and to create a random-
pyramid texture. The textured wafers are cleaned with deionized (DI) water, hydrogen 
chloride (HCl) and hydrogen fluoride (HF) and then receive a phosphorus diffusion 
process to form the n
+
 emitters. The diffusion usually happens in a tube furnace, where 
gaseous phosphorous oxychloride (POCl3) is used. The POCl3 reacts with oxygen (O2) to 
form phosphorus oxide (P2O5), which is deposited onto the Si surface. The P2O5 is the 
source of phosphorus (P) atoms diffusing into the wafer. The phosphosilicate glass (PSG) 
layer formed at the surface during the high-temperature process is removed by an HF 
solution. The chemical edge isolation and back surface etching are then carried out in a 
H2O, HF, nitric acid (HNO3) and sulfuric acid (H2SO4) solution, before the deposition of 
a 70 nm SiNx layer on the emitter by the plasma-enhanced chemical vapour deposition 
(PECVD) method. The SiNx layer provides both anti-reflection and surface passivation 
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functions. The back-surface aluminium (Al) paste and front-surface silver (Ag) paste are 
screen-printed sequentially. The electrical contact between the pastes and silicon at both 
sides is formed in a co-firing process in the furnace at about 900ºC. The surface etching 
processes to be investigated in this thesis are marked by the dashed orange boxes in 
Figure 2.3. The cleaning step between the texturing and diffusion processes is well 
established and there is no strong demand to amend this process. The texturing process 
and the cleaning process before the SiNx passivation step will be the focus of Chapters 3 
and 4, respectively.  
 
Figure 2.3. Schematic of the Al-BSF silicon wafer solar cell and its fabrication process.  
2.2.2 HET solar cells 
Heterojunction (HET) silicon solar cells consist of a crystalline silicon wafer for 
light absorption, and plasma deposited amorphous thin silicon layers for surface 
passivation and the formation of the heterojunction.  
The HET solar cell structure is shown in Figure 2.4. N-type solar wafers are 
commonly used as the base material due to their good stability against light induced 
degradation and the high minority carrier lifetime. The first step is an alkaline texturing 
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process, followed by a thorough surface cleaning process. A clean surface is crucial for 
the subsequent surface passivation by depositing a very thin (< 5 nm) tunnelling intrinsic 
amorphous layer a-Si:H(i) onto both sides of the wafer by a PECVD method. The front 
side heterojunction is formed by depositing a boron doped amorphous silicon layer a-
Si:H(p
+
) and the back side heterojunction is formed by depositing a phosphorus doped 






 amorphous layers act as the hole and 
electron collection layer, respectively. A transparent conductive oxide (TCO) layer is 
then deposited onto both sides, followed by the metallization step. The entire fabrication 
involves low-temperature processes (below 250 ºC). There are two etching processes 
during the fabrication process: texturing and cleaning. In this thesis, a dry plasma 
cleaning process will be investigated in Chapters 5 and 6. 
 
Figure 2.4. Schematic of the HET silicon wafer solar cell and its fabrication process.  
The crystalline silicon and the amorphous silicon layer form a heterojunction 
because they are different materials – having different bandgaps and Fermi levels. while 
The c-Si has a bandgap of 1.1 eV (at 300 K). Amorphous silicon has not a classical 
bandgap. Normally the bandgap of a-Si is about 1.7 eV. Figure 2.5 shows the band 




 structure. Because of the bandgap difference, there is a band 
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discontinuity (band offset) at the conduction and valence band at the interface. The 
valence band offset     is about 0.45 eV, according to the measurements in [44-46]. The 





) heterojunction enhances the potential barrier for the electrons and holes 
respectively, repelling the minority carriers from the interfaces and thus suppressing 
carrier recombination losses. The built-in     at the front interface may undermine the 
hole collection efficiency, but the collection can be facilitated by thermionic emission, 
tunnelling, and trap assisted carrier transport. 
 




 HET solar cell structure. After [47]. 
In the following, surface etching technologies for silicon wafers will be reviewed. 
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2.3 Silicon surface texturing 
2.3.1 Alkaline texturing process 
(1) Surface morphology of textured wafers 
By etching monocrystalline silicon wafers (either as-cut
3
 or saw-damage etched
4
) 
in an alkaline (KOH or NaOH) bath with organic additives such as IPA, a textured 
surface can be obtained. The textured surface exhibits random pyramidal structures 
[Figure 2.6(c)], which differ from the as-cut [Figure 2.6(a)] and saw-damage etched 
(SDE) [Figure 2.6(b)] surfaces. The pyramids lie on the horizontal (100) base plane and 
have four facets along the (111) crystallographic plane. Figure 2.7 is a schematic 
illustration of the cross-section of the pyramidal surface structure, showing that an angle 
  of 54.7° [48] is formed between the pyramidal facet and the horizontal base.  
 
Figure 2.6. SEM images of surface morphologies of (a) an as-cut Si wafer, (b) the saw-
damage etched wafer, and (c) the textured wafer. 
                                                     
3
 As-cut wafers are the raw wafers which were cut from a silicon ingot without any 
further processing. The cutting process creates a severe surface damage (‘saw damage’).  
4
 Saw-damage etch is also an alkaline etching process to remove the saw damage on the 
surface. It normally uses a high-concentration (10 – 20%) KOH solution at 80˚ C for 5 – 10 min. 
A flat surface is produced after the saw-damage etch. 
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Figure 2.7. Schematic of the cross-section of the pyramidal structure on a textured mono-
Si wafer. The pyramid facets are along the (111) plane and the bases are along the (100) 
plane. Optical reflection is minimised by the pyramids because a light beam encounters 
two opportunities for being coupled into the silicon. 
(2) Si (100) and (111) planes 
A silicon crystal is built up of many unit crystals with the face-centred cubic (fcc) 
structure. In this cubic lattice structure, the (111) and (100) planes indicate two Si 
crystallographic orientations denoted by the Miller indices
5
, as shown in Figure 2.8. 
Normally, the surface of the as-cut and SDE wafers is (100) and the surface of the 
textured wafer is (111). Next, the atomic structures of ideal bulk-like
6
 (100) and (111) 
surfaces will be introduced. 
                                                     
5
 Miller indices is a notation system in crystallography for planes in crystal lattices. In 
particular, the lattice planes are determined by three integers h, k, l, written as (hkl). 
6
 The bulk-like surface represents an ideal surface which is the extension of the bulk 
lattice, without surface reconstruction. 
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Figure 2.8. The (100) and (111) planes in the cubic lattice structure. 
The top view and side view of the ideal bulk-like Si (111) surface is shown in 
Figure 2.9. The surface atoms have one covalent dangling bond in the direction of the 
surface normal. Each surface atom is bounded to the bulk by three back bonds (≡Si-). The 






Figure 2.9. Atomic model of the ideal Si (111) surface. After [50]. 
The top view and side view of the ideal bulk-like Si (100) surface are shown in 
Figure 2.10. The surface atoms have two covalent dangling bonds and each atom is 
bounded to the bulk by two back bonds [=Si(-)2]. Because of fewer back bonds and more 
dangling bonds, the Si (100) surface is more reactive compared to the Si (111) surface in 







Figure 2.10. Atomic model of the ideal Si (100) surface. After [50]. 
(3) Optical properties of the textured surface 
The main purpose of texturing is to create the pyramidal structure to reduce the 
surface light reflectance. The surface reflectance is reduced by the so-called ‘double 
bounce’ effect, which gives the reflected light a second chance to enter the silicon, as 
illustrated in Figure 2.7. As can be seen from Figure 2.11, the surface reflectance of the 
textured surface is reduced to 10% (at 1000 nm), compared to 30% (at 1000 nm) in the 
case of the planar surface.  

























Figure 2.11. Measured surface reflectance of an as-cut wafer, a SDE wafer, and a 
textured wafer, as measured with a UV-VIS-IR spectrophotometer.  
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(4) Si etching reactions in alkaline solutions 
The details of the alkaline etching reaction were proposed by Seidel et al. [51]. 
On the ideal Si (100) surface (the starting surface), two hydroxide ions firstly bind to 
surface silicon dangling bonds, forming a =Si-(OH)2 species and injecting two electrons 
into the silicon conduction band [51]: 
Si
Si









Due to the strong electronegativity of the oxygen atom, the electrons are pulled 
towards the oxygen, which polarizes and weakens the Si back bonds. After the binding 
electrons of the back bonds being thermally excited to the silicon conduction band, the 

















The silicon-hydroxide complex further reacts with hydroxide ions, producing 






















The hydrogen ions will react with hydroxide groups to form water. The excess 
four free electrons injected to the conduction band at the silicon surface will be 
transferred to water molecules near the surface to produce hydroxide ions and molecular 
hydrogen. Thus, the overall reaction of silicon in alkaline solutions can be written as [51]: 
Si + 2 OH- + 2 H
2









Importantly, the Si (111) plane is etched about 30 times slower than the Si (100) 
surface in the alkaline solution [51]. Therefore, during alkaline texturing, the Si (111) 
planes (pyramid facets) become exposed, forming pyramids on the (100) surface. The 
etching, which is along a preferred direction, is called anisotropic etching. The etching 
rate difference is due to the (111) surface atoms having three back bonds which stabilize 
the surface atom and result in a higher activation energy (~0.1 eV higher) for the alkaline 
etching reaction [51, 52].  
2.3.2 Pyramids formation model 
According to Bressers et al. [53], because the pyramids have facets of (111) 
planes, once small pyramids form (small pyramid formation is also called nucleation), 
owing to the slower etch rate of the (111) surface, the small pyramids can act as a self-
propagating mask to grow bigger, as long as the apex and edges of the pyramids are 
stabilized. The surface is considered as textured when the pyramids fully cover the 
surface. Thus, the texturing process can be divided into two stages: nucleation (formation 
of small pyramids) and growth (expansion of pyramids). Here, a model of pyramid 
development will be provided based on these two stages. For experimental investigations, 
the reader is referred to Appendix A.  
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(1) Nucleation  
Without small pyramid formation in the first place, there will be no (111) 
surfaces exposed and the anisotropic etching process will not happen. In the literature it is 
shown that the reason behind the nucleation process is a so-called ‘micro-mask’ which 
adheres to the surface and, by inhibiting the local reaction, forms localized temporary 
etch-stops [53-57]. Once a local etch-stop has formed, the adjacent atoms will be 
removed faster than the masked spot, forming small protrusions on the surface, and hence 
expose the (111) surfaces. For a simple schematic illustration of the nucleation process, 
please see Figure 2.12(b).  
However, the nature of the mask is still being debated in the literature. Different 
studies suggested various micro-masks, such as from reaction products [51, 58], 
hydrogen bubbles [59, 60], and adsorption of organic compounds (e.g. alcohol 
compounds) [61-63]. Recognition of the dominant masking mechanism helps develop 
new texturing processes. 
(i) Hydrogen bubbles. As hydrogen gas is generated during the etching process, the 
adherence of hydrogen bubbles on the silicon surface has been suggested to act 
as the micro-mask for pyramid formation [59-61]. However, during the texturing 
process, the addition of IPA actually accelerates the detachment of hydrogen 
bubbles from the surface, by reducing the surface tension of the solution. In fact, 
hydrogen bubbles should be released (by agitation, nitrogen bubbling and 
surfactant addition) from the surface as fast as possible, in order to avoid defects 
caused by the adhering bubbles. The inverse relationship between the hydrogen 
bubble attachment and texturing quality rules out the hydrogen bubbles as the 
major pyramid formation mechanism. 
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(ii) Reaction products. Seidel et al. [51] reported the observation of polymerized 
residues on the surface of silicon and suggested their relation to nucleation. 
Indeed, experimental results (Appendix A) show that nucleation can happen in a 
very low concentrated KOH solution (without IPA), in which the intermediate 
etching products might not be dissolved immediately due to the low etchant (OH
-
) 
concentration. However, controlling the reaction products dissolution rate is not 
practical for a rapid texturing process, because the rapid process requires a fast 
etching rate, which means that the intermediate reaction products will be 
dissolved very quickly in such a process.   
(iii) Adsorption of organic compounds. Theoretically, it is a fundamental property 
that organic compounds tend to accumulate near the Si-solution interface [62]. 
Experimentally, it is shown in Appendix A that IPA can effectively improve the 
nucleation. More studies have shown that various organic compounds could 
enable the texturing process [63-67]. Further, Bitzer et al. [68] showed that 
alcohol compounds (R-OH) could be absorbed on the water saturated Si (100) 
surface through deprotonating of OH groups, forming Si-OR and Si-H bonds. 
Hence, after ruling out other possible masking mechanisms, the organic 
compounds can be reasonably taken as the major masking mechanism.    
(2) Growth 
After the nucleation, the small pyramids grow as the etching of (100) surface 
continues, and at the same time, new nucleation happens, as shown in Figure 2.12(c). The 
fact that the pyramid size is not homogeneous also indicates that nucleation happens 
continuously throughout the etching process [11, 54]. In this continuous nucleation and 
development process, the (100) surface shrinks and the pyramids expand, eventually 
forming a surface covered with pyramids [Figure 2.12(d)]. Once the pyramids intersect 
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with each other, the etching of the (100) surface stops, and the etching of pyramids 
becomes the main etching activity. For successful pyramid growth, the pyramids’ apex 
and edges must be stabilised [55]. To stabilize the pyramids, the organic compounds play 
an important role. For example (see Appendix A), with a KOH concentration of 2.5 wt.%, 
the pyramids cannot grow without IPA. 
 
Figure 2.12. Illustration of different etching stages of the texturing process: (a) original 
flat surface, (b) nucleation, (c) pyramid development and (d) fully covered surface. 
2.3.3 Review of texturing methods 
Silicon texturing processes can be categorized into three types (based on the 
types of alkaline etchant and additives): the first is the standard KOH (NaOH)/IPA 
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method; the second is using the water-soluble sodium salt of weak acid as the etchant, 
such as the tribasic sodium phosphate (Na3PO4) [69] and the sodium carbonate 
(Na2CO3)/sodium bicarbonate (NaHCO3) [70]; the third is replacing the IPA by other 
organic additives, such as hydrazine monohydride (N2H4) [71]. 
(1) KOH/IPA method 
The mixture of sodium hydroxide NaOH (or KOH) and IPA has become the 
standard texturing technology in both research labs and industry since it was first 
demonstrated in 1973 [72] and applied to solar cells in 1974 [8]. Despite its long 
establishment, the process has been continuously studied and optimized over the years [9, 
10, 11, 73]. The typical bath consists of 1 – 5 wt.% of KOH, 3 - 10 vol.% of IPA and 
water. It takes about 20 - 40 minutes to produce a fully textured surface at 80 – 82 ºC.  
The IPA texturing method needs a long time and consumes significant amount of 
chemicals. The large IPA volume and the evaporation of IPA boost the chemical 
consumption. For example, in a process monitoring study, Birmann et al. [74] showed 
that one third of the IPA is lost after a 40-min texturing process at 75°C, so that 
continuous topping up of IPA is needed for every batch of wafers, in order to stabilize the 
process. Moreover, because the higher temperature used nowadays (80 - 82°C) results in 
a more severe IPA loss, increasing the bath temperature further to shorten the process 
time is not an option. In addition, during the 20 - 40 min texturing period, the silicon 
material will be inevitably sacrificed or wasted. The loss of silicon material becomes 
unacceptable when the wafer thickness moves towards 100 µm in the future. Hence, the 
main research and development activities on the silicon wafer texturing is to find a new 
method to reduce the chemical consumption and the processing time.  
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(2) Sodium salt of weak acid 
The sodium salt of weak acid has been successfully used as the etchant. Those 
sodium salts can hydrolyse in water and generate OH
-
 ions. Taking Na3PO4 as an 
example, the hydrolysis reaction is: 
PO4
3-




 (2.27)  
Gangopadhyay et al. [69] have achieved textured surfaces with about 5 wt.% 
Na3PO4 and 3.5 vol.% IPA for 25 minutes at 80° C. They claimed that the IPA usage was 
halved compared to their standard NaOH/IPA process. Nishimoto and Namba [70] 
demonstrated a texturing process by 20 wt.% Na2CO3 and 1 wt.% NaHCO3 solution in 10 
min at 95° C. Sparber et al. [75] found that the optimum condition is 12 wt.% Na2CO3 
and 1.5 wt.% NaHCO3 at 90° C for 40 minutes. Marrero et al. [76] developed a process 
using 20 wt.% Na2CO3 and 4 wt.% NaHCO3 at 95 °C for 20 minutes. Although the 
change of alkaline etchant reduces the IPA consumption, the etchant consumption 
increases. Moreover, for the Na2CO3/NaHCO3 system with a 20 wt.% concentration, the 
Na2CO3 tends to precipitate after cooling down, causing obstruction of valves and tubes, 
because the solubility of Na2CO3 [77] is only 17.3 wt.% at 20° C. In addition, the etching 
time is generally long except for Nishimoto’s ten-minute process. 
(3) New organic additives 
It is known that many organic compounds can induce pyramids on c-Si surfaces. 
Particularly, the compounds with the hydroxyl groups (-OH groups) has been drawing 
much attention because they are expected to have similar functions as IPA due to the 
same -OH functional group. Cyclohexanol [63], 1,4 cyclohexanediol [64], polyethylene 
glycol [65], 1-butanol [78], diol additives [79] and other high boiling point alcohols [66, 
67] have been investigated to achieve low surface reflectance. It has to be mentioned that 
33 
in Ref. [63, 64] the texturing time was reduced to 10 min with a process temperature 
above 90°C, which is quite a significant improvement. Besides alcohols, the amphiphilic 
molecules [80], aromatic compounds [81] and miscellaneous organic compounds [82, 83]  
have been approved to be effective in inducing pyramids within 10-20 minutes. 
Industrial suppliers such as RENA [84], Applied Materials [85], SINGULUS 
[86], and Dow Chemical [87] are offering commercial IPA-free solutions and methods. 
However, the compositional details are unknown and the etching time is between 10 – 20 
minutes. 
Based on the above literature review, even for the state-of-the-art IPA-free 
texturing process, at least 10 minutes are needed. There is still room to push the process 
time to below 10 minutes. Moreover, most of the IPA-free processes did not provide a 
discussion of the reasons for the selection of the organic compounds. Considering the 
magnitude of organic compounds, it is time consuming and directionless for new process 
development without explicit guidelines. As it has been mentioned in the motivation 
chapter, this thesis not only develops a new silicon texturing process, but also proposes a 
process development method. 
2.3.4 Consideration for new process development 
Based on the texture development model (Figure 2.12), the following criteria for 
a rapid and effective texturing process are proposed: (1) the nucleation should be quick 
and dense in order to cover the surface in a short time; (2) a stable mask protection of 
pyramids is needed; (3) the etching of the Si (100) surface should be quick so that the 
pyramids can expand and quickly intersect each other. The ideal process can be simpli-
fied as: fast nucleation, stable pyramids and fast etching of the base plane.  
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The seemingly simple process, however, is difficult to be achieved, because each 
requirement takes opposite directions during optimisation. As an example, according to 
the experimental results in Appendix A, in order to achieve a faster etching rate, the KOH 
concentration has to be increased, but this decreased the nucleation density and reduces 
the pyramids’ stability. Further increasing the IPA concentration again decreases the 
etching rate. Thus, a good balance between different parameters is a must to achieve a 
rapid texturing process.  
For developing the rapid texturing process, IPA becomes the limiting factor, 
because there is no room for a further increase of the temperature owing to the low 
boiling point of IPA. Furthermore, the nucleation efficiency of the IPA is not high 
enough. 
With the main limiting factor found, this thesis focuses on the implementation of 
new high boiling point chemicals, which can act as a strong and stable ‘mask’ to promote 
and to protect pyramids under the high etching rate. 
In the next section, the wet-chemical cleaning methods used to create an ultra-
clean c-Si surface will be reviewed and discussed.  
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2.4 Silicon surface cleaning and etching 
2.4.1 Si surface cleaning methods 
After c-Si texturing, standard cleanings, such as RCA 1
7
, RCA 2 and HF, are 
normally performed. Besides these common cleaning steps, additional etching processes 
are sometimes performed to achieve an ultra-clean surface [19, 88, 89]. The etching 
solution normally consists of the oxidizing acid and HF. The etching proceeds by a two-
step reaction – oxidation and oxide stripping, which means the oxidizing acid is used to 
oxidize the surface and HF is used to strip the oxide. In this way, the silicon surface is 
etched. Next, two commonly used methods will be introduced. 
(1) Chemical polishing solution 
A mixture of concentrated HNO3 and HF is a commonly used chemical polishing 
(CP) solution
8
, where HNO3 is responsible for oxidizing the Si surface and HF is 
responsible for etching the oxide. The silicon is etched in the repeated manner of 
oxidation-followed-by-dissolution process. The mechanism of this acidic etching has 
been discussed in detail in a series of papers by Robbins and Schwartz [90-93]. The 
reaction can be summarized as follows [90]:  
3Si + 12 HF + 4HNO3 = 3SiF4 + 4NO + 8H2O (2.28) 
                                                     
7
 The RCA clean [264], firstly developed by the Radio Corporation of America (RCA) in 
the 1970s, has been the most prevalent method to prepare a clean silicon surface. The RCA 
cleaning involves two steps: RCA1 and RCA2. In RCA1, the wafers would be immersed in the hot 
mixture of ammonium hydroxide (NH4OH), hydrogen peroxide (H2O2) and water (H2O). The 
organic contaminations, such as hydrocarbons, breaks down in the alkaline oxidative solution 
[265, 266]. Group IB and IIB metals, as well as other metals, including copper, silver, zinc are 
dissolved and removed in the form of amino complex, for example, Cu(NH3)4
2+
 [265]. The RCA2 
solution is the hot mixture of hydrochloride acid (HCl), H2O2 and H2O. It is used to remove the 








 The CP solution can be diluted with water or acetic acid. 
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The CP solution is very effective in etching silicon. An etching rate of 25 µm 
min
-1
 can be achieved at room temperature (HF: HNO3: H2O = 1: 3: 1) [92]. Even at 5 °C, 
the etching rate is still about 10 µm min
-1
 [92]. If the etching process is not carefully 
controlled, it can flatten the pyramids quickly, which affects the optical properties of the 
surface. As an example, Figure 2.13 shows that after a 30-second etching at room temper-
ature in a CP solution (HF: HNO3: H2O = 1: 4: 1), the pyramids are flattened. After only 
5 s, the surface reflectance is clearly increased (Figure 2.14). Hence, in order to minimize 
the change of the surface morphology, the etching conditions (e.g., temperature, time, and 
composition) have to be precisely controlled. However, such a precise control is 
challenging in a real production process, because the solution’s composition can change 
with time and a chilling process is required to maintain the low bath temperature. 
 
Figure 2.13. SEM images of mono-Si wafer surfaces: (a) & (b) after alkaline texturing; 
(c) & (d) after chemical polishing for 30 s at room temperature. 
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Figure 2.14. Surface reflectance of the textured surface etched in CP solution for different 
times. 
(2) Two-step oxidizing/stripping method 
The oxidizing/stripping etching model can be extended from a single step to two 
separate steps. For example, a research group in Helmholtz Centre Berlin used Piranha 
solution [H2SO4 (96%) / H2O2 (30%) mixture] to oxidize the silicon surface first (for 
about 10 min), and then used HF to remove the oxide in a separate step [89, 94]. The 
process can reduce
9
 the surface micro-roughness and improve the surface passivation 
quality. Besides Piranha, the RCA 1 and RCA 2 have also been used as oxidizing 
solution. For example, in a Si waveguide application, Sparacin et al. [95] used a 
RCA-followed-by-HF process repeatedly to reduce the surface defects, and thus mini-
mize the signal loss for the waveguide application. 
                                                     
9
 The surface smoothing effect by oxidation can be explained by the Gibbs–Thompson 
relation, which says that the chemical potential of the surface atom depends on the curvature of the 
surface [95]. The peaks on a rough surface have larger curvature and higher reactivity, and 
therefore, are oxidized faster [95]. The following HF step is to remove the oxidized peak atoms. 
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 Although this two-step process can effectively remove a thin defective surface 
layer, it is very time consuming. It not only consists of two steps (which means two 
process chambers have to be added in the wet bench), but also needs to be applied 
repeatedly sometimes. Furthermore, the Piranha solution involves concentrated H2SO4 
and H2O2 and is self-heating (~130° C), which is not desired from the chemical handling 
point of view.  
2.4.2 Si etching by buffered HF solutions 
The HF dip is a standard process during c-Si solar cell fabrication. It is used to 
remove the native oxide and create a hydrogen terminated [96] hydrophobic surface [97] 
by forming Si-H bonds [98], which can resist re-oxidation in air for a short period of time 
[99, 100]. However, the etching rate of Si in the HF solution is extremely slow (only 0.01 
– 0.047 nm min-1 on Si (111) surface [101, 102]), providing little effect in etching the 
defective surface. 
The buffered HF solution is a modification of the HF solution, by adding 
ammonia (NH3•H2O) to increase the pH value. Buffered HF solutions have shown to be 
able to achieve a flat, homogeneous Si (111) surface owing to a fast preferential etching 
of defective sites (atomic steps, ad-structures) on the surface [103-105]. For example, in 
the late 1980s, by using infrared spectroscopy and scanning tunnelling microscopy [104, 
106, 107], it was shown that large ideal (111) monohydride terraces separated by 
monohydride steps can be achieved on the (111) surface by buffered HF etching. These 
results indicate that the buffered HF solution might be able to improve the quality of the 
textured surface [also a (111) surface] and improve solar cell efficiencies. 
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A discussion of the etching mechanism in buffered HF solution will be given 
next. However, before this discussion, it is necessary to understand why the H terminated 
surface is stable in the normal HF solution.  
(1) Silicon in HF 
Normally an H-terminated Si surface is stable in HF solution [108], because the 
Si-H has very weak polarization (only 4%) owing to the similar electronegativity of Si 
and H (2.2 vs. 1.9), making the back bonds of the surface atoms less polarized and 
stressed [102]. The strong back bonds stabilize the surface atoms.  
Termination of a silicon surface by fluorine atoms is actually kinetically 
unfavourable, according to the calculation by Trucks et al. [109]. They compared the 
activation energies [109] for possible reactions in HF solution for the Si (111) surface 
[see Eqs. (2.30) - (2.32)], showing that the surface termination with H is the most kineti-
cally favourable state [Eq. (2.30)] compared with the F termination [Eq. (2.32)]. The 
etching of hydrogen terminated silicon is almost impossible, because an energy of at least 
1.6 eV is needed [Eq. (2.31)]. Thus, the H-terminated Si surface is highly stable in HF. 
  
≡Si-OH + HF  ≡Si-F + H2O     0.55 eV (2.29) 
 
≡Si-SiF3 + HF  ≡Si-H +SiF4     1 eV (2.30) 
≡Si-SiH3 + HF  ≡Si-H +SiH3F     1.6 eV 
 
(2.31) 
≡Si-H + HF  ≡Si-F +H2     1.2 eV 
 
    (2.32) 
(2) Silicon in buffered HF 
Experimentally, it has been shown that the etching rate increases with the pH 
value of the HF solution [101, 110]. The mechanism behind this has been proposed in 
40 
[102, 110]. In a high pH solution, the hydroxide ion concentration increases, which 
mediates the etching of the Si by reacting with the Si-H bonds [102, 110].  
The reaction mechanism is illustrated in Figure 2.15, according to Willeke and 
Kellermann [102]. The surface Si atoms can be oxidized by the hydroxyl ions and the H 
is released in the form of hydrogen gas [Figure 2.15(a)  (b)]. At this point, the Si-H is 
replaced by Si-OH. The Si-OH further reacts with HF to form water and F terminated Si 
surface (Si-F) [Eq. (2.29)]. The process up to now is called hydrolysis of the Si-H. 
Because the F atom is highly electronegative (4.1), the Si-F bonds become ionic, which 
makes Si atom partially positive and F atom partially negative (Si
+δ – F-δ). The strong 
polarization weakens the Si-Si back bonds, and thus makes the surface prone to further 
chemical etching by the HF [Eq. (2.30)]. As the result, Si surface atoms are removed. In 





Figure 2.15. Two-dimensional model of the dissolution of surface Si atoms by the 
hydroxide mediated hydrolysis. The reaction products are denoted by ‘-’ sign. The 
reaction is initiated by (a) the oxidation of the surface atom by the hydroxyl ions. Then 
the Si-OH surface is substitute by Si-F, indicated in (b). Figures (c) and (d) show that the 
HF further reacts with Si back bonds and removes Si surface atoms in the form of SiF4. 
The model is after [102] and [110]. 
In this thesis, the commonly used diluted HF (2%) dipping step is modified by 
adjusting its pH value. The buffered HF is expected to etch away a thin defective surface 
layer on the n
+
 emitter at room temperature in a short time. Its effect on the emitter 
passivation and Al-BSF silicon solar cell performance will be studied. In addition, the 
etching characteristics are also investigated, owing to insufficient documentation for the 
etching of the phosphorus doped textured emitter in dilute buffered HF.  
As mentioned in Chapter 1, the surface cleaning is critical for the amorphous 
silicon passivation of HET solar cells. Therefore, innovative technologies for an effective 
surface cleaning are needed for HET solar cells [30, 89, 94, 111]. One of the most 
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promising methods is to use a single hydrogen plasma etching step to remove the surface 
oxide and condition the surface at the same time. In the following section, the basic 
principles of this approach are explained.    
 
2.5 Interface passivation and plasma etching of silicon surfaces for HET 
silicon solar cells 
2.5.1 Interface passivation by intrinsic amorphous silicon 
The high-quality passivation of amorphous silicon is mainly due to chemical 
saturation of dangling bonds by hydrogen atoms [112-114]. This saturation of dangling 
bonds by hydrogen atoms is called defect passivation or chemical passivation.  
Figure 2.16 illustrates surface passivation of a c-Si wafer by an a-Si:H(i) layer. 
The a-Si:H(i) film is disordered comparing to the c-Si substrate. The passivation quality 
improves when more dangling bonds are saturated by hydrogen. In a hydrogen-rich film, 
microvoids may form due to hydrogen clustering (mostly dihydrides or trihydrides) [115], 
which have to be thermally activated before they can participate in the hydrogen 
passivation of interface states [116, 117]. 
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Figure 2.16. Illustration of c-Si surface [Si (100)] passivation by amorphous silicon. The 
surface dangling bonds are terminated by hydrogen atoms. The non-terminated DBs will 
remain as recombination centres. Further improvement of the passivation quality can be 
achieved by minimizing the DB density. One approach is thermal annealing, which helps 
to release the hydrogen in the clustered state. 
A clean surface can reduce the density of surface defects and improve the 
passivation. The CP and Piranha solutions (whose etching mechanisms were introduced 
in Section 2.4.1) are effective in improving the a-Si:H(i) surface passivation [88, 89, 118]. 
However, implementing hazardous chemicals requires more complex wet benches and 
increases the safety risk during wafer handling, which is not ideal for mass production. 
Moreover, some of the methods (e.g. using Piranha solutions) require more than 10 
minutes of additional time. Therefore, the existing methods are not well suited for the 
mass production of c-Si solar cells. 
Besides wet-chemical etching, a hydrogen plasma treatment is also beneficial for 
surface passivation. It also has the potential to substitute the hazardous HF process. 
Therefore, this thesis will explore a rapid hydrogen plasma etching step in the formation 
of a high-quality surface passivation for HET solar cells.  
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2.5.2 Introduction to plasma etching of semiconductors 
Plasma etching is a dry etching process to remove the targeted materials by a 
plasma. In a plasma reactor, the gas dissociates to neutrals or charged radicals which 
diffuse or accelerate towards the semiconductor surface. The etching happens in two 
forms: physical ion sputtering or chemical reactions. The ion sputtering is normally 
realized by an inert gas plasma, such as argon (Ar
+
), which transfers its kinetic energy to 
the surface and bombards surface atoms physically; the chemical etching happens when 
radicals bond with surface atoms, forming other volatile species which can be pumped 
away. The application of plasma etching stems from the demand for the selective etching 
of patterned IC circuits [119], better process integration [120], ultra-clean surfaces [121] 
and surface reconstruction [122] during microelectronic device processing. 
For etching of silicon and silicon oxide (SiO2), perfluorocompounds (e.g. CF4, 
NF3) are often used [123-125]. However, most of them are toxic gases. Furthermore, they 
are regarded as greenhouse gases. For example, the global warming potential (GWP) of 
NF3 is 9720 (relative to CO2) in an 100-year integrated time horizon [126]. The long 
lifetime of the perfluorocompounds (e.g. 50,000 years for CF4) makes the situation even 
worse [126]. Besides the environmental concerns, Moreno et al. [111] showed that the 
a-Si:H(i) passivation result was not satisfactory by using a SiF4 plasma alone. For these 
reasons, the perfluorocompounds are not ideal for c-Si solar cell applications.  
The other commonly applied plasma source is an inert gas such as Ar or Ne [127-
130]. Due to its sputtering nature, a rather high temperature around 700 °C has to be 
applied to anneal the damage induced by the ion bombardment [127, 128]. However, the 
HET cells require a high-quality surface and a low process temperature (< 250° C). Thus, 
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the physical sputtering is inherently not a good choice due to the required high-
temperature annealing process.  
A hydrogen plasma, on one hand, can etch away the SiO2 by chemical reactions; 
on the other hand, it consists of atomic hydrogen (H), which is able to passivate the Si 
dangling bonds in a similar manner as the hydrogen in the a-Si:H(i) film. Thus, a 
hydrogen plasma seems to be a suitable surface etching method for HET solar cell 
applications. 
2.5.3 Interaction between hydrogen plasma and silicon & silicon oxide 
(1) Hydrogen plasma etching of SiO2  
Researchers have shown that a hydrogen plasma can remove the oxygen 
contaminations on the silicon surface [131, 132, 133, 134], through a chemical reaction 
[135] between SiO2 and atomic H [136]: 
SiO2 (g) + 4H (g)  Si (s) + 2H2O (g) (2.33) 
The main etching specie in the remote plasma is atomic H, which is generated in 
the plasma chamber through direct dissociation of gas or recombination of charged 
species [135]: 
H2 (g) + e
-










  2H (g) +    (2.36) 
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(2) Si surface damage by hydrogen plasma  
The hydrogen plasma etching of native oxide is not as straightforward as it 
appears. In fact, it is challenging to apply a hydrogen plasma to silicon, because the 
hydrogen plasma could easily damage the silicon surface, owing to the high reactivity 
between Si and H. What makes the situation even worse is the fact that the etching rate of 
SiO2 is about 30 times slower than that of c-Si [33], which means that there is an 
undesirable selectivity between the SiO2 and Si. As a result, the surface might be 
damaged after the removal of the oxide. As an example, the first successful SiO2 etching 
by a hydrogen plasma resulted in a damaged Si surface full of blisters [33]. Among many 
experiments claimed to be successful, a HF dip was indeed used and the plasma was just 
an additional step to ensure the surface cleanness [131, 134, 137, 138]. In a successful 
application of plasma etching of SiO2 for HET solar cells by Moreno et al. [111], SiF4 
gas was actually used together with the hydrogen plasma. Therefore, using a hydrogen 
plasma to etch SiO2 while maintaining a high-quality surface is still challenging. Figure 
2.17 shows some examples of the surface damage for the purpose of illustration. Readers 
can refer to [121, 139, 140] for more details.  
 
Figure 2.17. Images of Si surface damage by hydrogen plasma treatment, from the 
literature: (a) plan-view of a (100) Si wafer etched in an electron cyclotron resonance 
hydrogen plasma at 240° C for 3 min; (b) the cross-sectional TEM image of (a); (c) the 




(3) Evolution of hydrogen plasma induced damages on Si (100) surface 
When an H atom reaches the silicon surface, it is chemisorbed and forms a Si-H 
bond. Additional arriving H atoms can break the Si back bonds, forming volatile SiH4. 
The reaction is summarized by Veprek et al. [136], as follows: 
Si (s) + H  SiH (ads) + H  SiH2 (ads) + H  SiH3 (ads) + H  SiH4 (g) (2.37) 
The etching reaction [Eq. (2.37)] is accompanied by continuous physisorption of 
H atoms onto the surface. The hydrogen accumulates on the surface-subsurface region 
and starts to diffuse into the bulk [139]. The atomic hydrogen interaction with the Si (100) 
surface and subsurface is illustrated in Figure 2.18. According to the previous studies, the 
hydrogen entering the subsurface region can saturate the dangling bonds [131, 141, 142], 
crack the Si-Si bonds [132, 143, 144, 145], form voids or vacancies [132, 144, 146, 147] 
and induce defects (e.g. blistering) [138, 145, 148, 149]. As the defects accumulate over 
time, the Si (111) platelet forms [121, 139, 144, 145] [refer to Figure 2.17(c)], which is 
due to the condensation of H atom along the Si (111) plane. Further exposure to plasma 
results in the anisotropic etching, forming a pyramid covered surface similar to that of 
alkaline textures [32, 150].  
From the description above, it is found that the interaction between a hydrogen 
plasma and Si is actually anisotropic [e.g. forming (111) platelets and a pyramidal 
texture]. Boland et al. [143] and Wei et al. [151] have given an explanation on this 
anisotropic mechanism at the atomic level. The silicon surface atoms of the Si (111) 
surface have three Si-Si back bonds, so that insertion of an H atom into one of those 
bonds severely strains the remaining two back bonds. On the Si (100) surface, however, 
each Si atom has two back bonds. Insertion of an H atom into one of the back bonds 
relaxes the remaining back bond, because the back bond is able to rotate freely. Thus, the 
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hydrogen plasma can easily etch the Si (100) surface because of the stable intermediate 
hydride species (-Si≡H3). 
This anisotropic nature has implications on plasma etching of planar and textured 
c-Si surfaces. A careful process control is needed for Si (100) surfaces, but it is possible 
to achieve a defect free textured surface with a wide process window. 
 
Figure 2.18. Illustration of the interaction between the atomic hydrogen and the Si (100) 
surface. 
2.5.4 Hydrogen plasma for surface passivation 
Despite the fact that using a single hydrogen plasma etching step to replace the 
HF dip is challenging, hydrogen plasma etching has been implemented in the past to 
improve the surface passivation (still involving HF). Indeed, most studies [30-32] have 
reported increases in effective lifetime after a plasma treatment, though a HF dip step was 
still involved. The hydrogen plasma treatment for the passivation of HET silicon solar 
cells will be reviewed in the following. 
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There are three ways to couple a hydrogen plasma with the a-Si:H(i) deposition: 
the first is to use plasma to treat the Si surface before the a-Si:H(i) deposition; the second 
is to discontinuously apply the H plasma during the deposition; the third is to anneal the 
sample in the H plasma environment after the deposition. The three different ways are 
illustrated in Figure 2.19.  
Applying the plasma before the deposition yields controversial results. Schüttauf 
et al. [152] showed that plasma etching degraded the passivation quality (the effective 
lifetime dropped from 2 to 0.4 ms after only 5 s of hotwire plasma treatment). Wang et al. 
[153] only achieved a slight improvement with a very short plasma exposure. However, 
Granata et al. demonstrated a lifetime increase from 1.5 to 2.5 ms after a 30 s plasma 
treatment [31], indicating a long process time window (at least 30 s) for the plasma 
etching process. This thesis will provide an explanation for this controversy.  
Applying the plasma during the a-Si:H(i) deposition was studied by Descoeudres 
et al. [30], showing that the effective lifetime was improved from 2.5 to 4 ms on Si (111) 
wafers and from 1 to 1.2 ms on Si (100) wafers. The improvement was due to a better 
hydrogenation (higher hydrogen content) of the a-Si:H(i) film.  
Applying the plasma after the a-Si:H(i) passivation process also resulted in better 
effective lifetimes, as studied by Mews et al. [32]. Based on the previous results, a 
hydrogen plasma is generally helpful for improving the c-Si surface passivation. 
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Figure2.19. Three plasma treatment methods for a-Si:H(i) passivation reported in 
literature: (a) Si surface treatment before the deposition [31, 153, 152], (b) plasma 
treatment during the deposition [30] and (c) plasma annealing after the deposition [32]. 
All processing was done after the HF dip which removed the native oxide. 
However, combining native oxide removal and plasma conditioning to one H 
plasma treatment step has not yet been very successful, because of the difficulty to 
balance between the SiO2 removal and the Si damage, as discussed in Section 2.5.2. This 
thesis therefore aims to realize an effective H plasma etching process without requiring 
the HF dipping step. 
 
2.6 Characterisation methods 
 (1) UV-VIS-NIR spectrophotometer  
In Chapter 3, The UV-VIS-NIR spectrophotometer was used to measure the 
surface reflectance ( ) in the ultraviolet-visible-near infrared spectral region. For silicon 
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wafer solar cells, wavelengths from 400 to 1000 nm are of particular interest. Figure 2.20 
illustrates the basic measurement principle of the spectrophotometer. A light source 
illuminates a diffraction grating which splits the beam into multiple rays with different 
wavelengths. A ray with particular wavelength hits a beam splitter, creating two beams of 
light: the reference beam and the sample beam. The reference beam is used to monitor the 
light intensity. Using a mirror, the sample beam is directed onto the sample, which is 
mounted at the rear port of an integrating sphere. The reflected light intensity is measured 
by a detector located inside the integrating sphere. The integrating sphere is calibrated 
using a reference sample with known optical reflectance. The integrating sphere detects 
both the specular reflection and the diffuse reflection. The result obtained is the 
wavelength dependent reflectance     , as shown in Figure 2.11. 
 
Figure 2.20. Illustration of the basic working principle of the spectrophotometer.  
The weighted average reflectance (WAR) is a common parameter used to 
quantify the surface reflectance. Since the number of incident photons differs at each 
wavelength (see Figure 2.21) in sunlight, the WAR takes the photon irradiance at each 
wavelength [          ] into consideration, calculating the photon number weighted 
reflectance: 
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Figure 2.21. Spectral photon flux of sunlight in the 300-1000 nm wavelength range.  
Before the measurements, the machine was auto-calibrated using 100% 
reflectance. Then the samples were placed on the sample holder. During the measure-
ments, the room light was switched off and the sample was covered by a black blanket to 
avoid optical noise from the environment.  
(2) Scanning electron microscope (SEM) 
Scanning electron microscopy (SEM) is used for surface morphology measure-
ments in Chapters 3 and 4. A simplified block diagram of a SEM is shown in Figure 2.22 
[154]. The electrons emitted from a heated filament are accelerated by a voltage of 1 - 30 
kV and directed down to the centre of an electron optical column that consists of two or 
three magnetic lenses. The electron beam is focused onto the specimen surface and the 
scanning coils make the beam scan across the specimen surface in the form of a square 
raster [154]. Various signals can be produced when the primary electron beam strikes the 
specimen surface, such as the secondary electrons, backscattered electrons, Auger 
electrons and X-ray emission [154]. For surface morphology imaging, the secondary 
53 
electrons (atomic electrons ejected from the specimen as a result of inelastic scattering) 
are used. Most of the secondary electrons come to a rest within the interaction volume 
within the sample, however, those created near the surface may escape to the vacuum and 
be collected. The yield of secondary electrons is sensitive to the surface morphology 
[155]. Further details can be found in the book by Egerton [155]  
 
Figure 2.22. Simplified block diagram of a SEM. After [154]. 
Before the measurements, the silicon wafers were cut into 0.5 mm× 0.5 mm 
samples. Then the samples were fixed onto the sample stage using conductive carbon 
tape. As the bare silicon surface has good conductivity, neither a copper tape nor a gold 
coating was required. To obtain a high-quality image, the samples were thoroughly 
cleaned using RCA1 and RCA2 before the measurements.   
(3) Quasi-steady-state photoconductance (QSSPC) 
The effective minority carrier lifetime      has been used extensively for solar 
cell optimizations, especially for surface passivation studies. This measurement technique 
will be used in Chapters 4, 5 and 6. Normally,      is determined as a function of the 
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bulk injection level   . Sinton and Cuevas [156] proposed a      measurement method 
using the photoconductance method under quasi-steady-state or quasi-transient 
illumination, where the illumination intensity varies with time. During the measurement, 
the wafer is placed on a sample holder and illuminated by a flash lamp which has an 
adjustable decay time constant       . An inductive coil, which is connected to an RF 
bridge, is used to sense the time dependent wafer permeability and hence the photo-
conductance       . A calibrated reference cell is used to record the illumination 
intensity     . The time dependent injection level       and the photon generation rate 
     within the silicon wafer can be calculated based on the measured information [157]. 
A simplified illustration of the measurement setup is shown in Figure 2.23.   
A generalized analysis of      (by Nagel et al. [158]) starts from the continuity 
equation for excess electrons in the semiconductor [158]: 
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where         and 
       
      
 are the photogeneration rate and recombination rate in the bulk, 
∆n the excess minority carrier density and    the electron diffusion coefficient (for a 
p-type wafer). The   
         
   
 is the transport term. The loss of the excess carriers at the 
two surfaces at        is given by the boundary conditions [158]:  
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where        and       are the surface recombination velocities of the front and back 
surface, respectively. Integrating Eq. (2.39) over the wafer thickness with boundary 
conditions yields [158]: 
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(2.45) 
where          is the time dependent average excess carrier density and        the time 
dependent generation rate. 
The effective lifetime is given by rewriting Eq. (2.42): 
     
        
       
        
  
 (2.46) 
Using          , the average excess carrier density can be determined by 
[159]: 
         
     
         
 (2.47) 
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where       is the excess photoconductance of the sample, and    and    are the 
electron and hole mobilities which are functions of the dopant density and injection level. 
The average generation rate within the sample is given by [159]: 
       
              
 
 (2.48) 
where      is the illumination intensity,      is the absorption fraction,        is the 
density of photons in solar light with irradiance of 1 Sun. 
The QSSPC method can also be used to measure the intensity dependent implied 
    (    ), which is dependent on the quasi-Fermi level splitting determined by the 
excess carrier lifetime. For a sample based on p-type wafer, the      is given by [156]: 
     
  
 
   
         
  
     (2.49) 
where the local excess carrier density    essentially equals to      when the surfaces of 
the sample are passivated and the minority carrier diffusion length is greater than the 
wafer thickness [156],    is the doping concentration (for p-type),    is the intrinsic 
carrier concentration and   is Boltzmann constant. The      is often used as a parameter 
to indicate the open 
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Figure 2.23. Illustration of the QSSPC working principle. After [159]. 
Before the measurements, the conductive coil underwent an automatic calibration. 
Important sample information, such as the doping type, resistivity (measured by the four-
point probe), and thickness (calculated from the weight of the wafer), must be entered 
correctly. The sample has to be big enough (at least 4 cm × 4 cm) to cover the conductive 
coil. To avoid measurement inaccuracies owing to the light from the environment, the 
measurement was either done in a black box or with the room light switched off.  The 
final lifetime result was the average of at least five repeated measurements.  
(4) Electrochemical capacitance voltage (ECV) 
In Chapter 4, the ECV profiling technique is used to measure the active carrier 
concentration profiles after emitter etch back. To measure the carrier concentration, the 
instrument first creates a depletion region by an electrolyte-semiconductor Schottky 
contact. The depletion region contains ionized phosphorus atoms (in n
+
 emitter) and 
electrically active defects or traps, behaving like a capacitor. The capacitance of the 
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depletion region provides the information on the electrically active doping concentrations 
(  . The calculation process can be simply demonstrated from Eq. (2.50) to (2.52) [160]: 
The width of the depletion region can be written as:  
     
           
  
 (2.50) 
where   is the built-in potential at the semiconductor-electrolyte interface,   is the 
applied voltage,   is the charge of an electron,    is the permittivity of the free space and 
   is the relative permittivity of the semiconductor. With    being calculated, the 
capacitance ( ) can be expressed by: 
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where   is the contact area of the semiconductor-electrolyte interface. Thus, from Eq. 
(2.51) the carrier concentration at the surface layer of the emitter can be expressed by:  
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(5) Spectroscopic ellipsometry 
Ellipsometry is an optical measurement technique that measures the change in 
the polarization state when light reflects from the sample. It was used to measure the 
surface roughness and silicon oxide in Chapter 5. The basic measurement principle is 
illustrated in Figure 2.24. The two directly measured values are amplitude ratio ( ) and 
the phase difference ( ).  
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Figure 2.24. Schematic of the change in light polarization after reflected from the sample. 
The wavelength dependent pseudo-dielectric function     is directly calculated 
from the measured values ( ,  ). When the surface is rough or contaminated,     varies 
according to the degree of roughness or the amount of contaminants. Basically,     
deviates more from the ideal case when there is large surface roughness or more 
contamination, see for example Figure 2.5.  
The pseudo-dielectric function can be calculated as: 
                   
     
    
    
 
 
  (2.53) 
where the    is the incident angle and the   is defined as: 
            (2.54) 
The real part of     is denoted by    and the imaginary part is denoted by   . 
These parameters are plotted to determine the surface properties. More discussions 
regarding the ellipsometry measurement can be found in [161]. 
This method is qualitative and a reference sample is needed. For the studies in 
Chapter 5, a HF cleaned, mirror polished, high-resistivity silicon sample was taken as a 
flat, pure and clean silicon reference. The extent of the plasma damage or the oxide 
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removal can be qualified by comparing the experimental sample with the HF reference. 
The measurement was done within 15 min after the plasma etching or HF dipping, to 
minimize the re-oxidation in the air.  
(6) Transmission electron microscope 
The Transmission electron microscope (TEM) is used to investigate c-Si/a-Si 
interface in Chapters 5 and 6. In TEM, a fine electron beam passes through an ultra-thin 
specimen and interacts with the specimen. The image is magnified and focused onto an 
imaging device. Since the electrons interact strongly with atoms by both elastic and 
inelastic scattering, the specimen must therefore be very thin, typically of the order of 5 - 
100 nm for 100 keV electrons [162]. The sample is prepared by mechanical grinding and 
ion beam etching to enable high-resolution imaging. For a high-resolution TEM, a feature 
of 0.3 - 0.5 nm can be detected [162]. In this chapter, the cross section of the a-Si/c-Si 
interface will be characterized by TEM. 
Before actual TEM measurements, a sample with thickness of 50 um was 
prepared using a sandpaper grinder. The sandpaper with a supper fine grit of 1000 was 
used for the final polishing. The polishing step was critical because it can improve the 
TEM image quality. The thickness of the sample must be controlled between 50 - 60 nm 
for a high-quality ion milling process. The sample must be kept clean through all the 
preparation steps and measured within 2 days after preparation in order to obtain a high-
quality TEM image.  
(7) FTIR 
FTIR (Fourier transform infrared spectroscopy) is a technique based on the 
vibrations of a molecule. An infrared spectrum is commonly obtained by passing infrared 
radiation through a sample and determining the fraction of the incident radiation absorbed 
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at a particular energy. The absorbed spectrum corresponds to the vibration frequency of 
certain chemical bonds in the sample.  
For a molecule or a chemical bond to show infrared absorption, it must possess a 
specific feature, i.e. electric dipole moment of the molecule must change during the 
vibration [163]. This is the selection rule for FTIR [163]. This means that FTIR is good 
for the detection of the heteronuclear structures (e.g. Si-H, Si-O, O-H), but not suitable 
for the detection of the homonuclear structures (e.g. Si-Si, H-H). 
The core of a FTIR setup is an interferometer which splits a light beam into two 
beams and lets them travel different distances. The most basic interferometer is the 
Michelson interferometer, which is illustrated in Figure 2.25. The setup consists of four 
arms. The first arm contains the infrared source, the second arm holds a stationary (fixed) 
mirror, the third arm hosts a moving mirror and the fourth arm is open [164]. The IR light 
with a known spectrum   λ) is split by a beam splitter and reflected by the mirrors. The 
separated beams reflect from the mirror and then recombine on the beam splitter and pass 
through the samples placed before the detector. The wavelength dependent absorption 
(transmission) characteristics can be obtained. A more detailed discussion of the FTIR 




Figure 2.25. (a) An optical diagram of a Michelson interferometer. After [164]; (b) and (c) 
are illustrations of the sample structures used in this work.  
There are two basic vibrations modes in a molecule: stretching and bending [163]. 
The bending mode consists of four basic types: deformation, rocking, wagging and 
twisting [163]. The different vibration modes are illustrated in Figure 2.26, using silicon 






















Figure 2.26. Illustration of atom vibration modes using Si-H2. After [165]. 
(8) ToF SIMS 
ToF SIMS is a mass spectrometry technique to analyse the material chemistry. 
The focused primary ion beam (0.1 - 20 keV) is used to bombard the sample surface, and 
producing secondary ions with negative, positive and neutral charges. The sputtering 
process removes the surface atoms and allows for depth profiling of the sample. In ToF 
SIMS, the secondary ion travels in a field free drift length of  , and the time of flight 
before it reaching the spectrometer is [166]:  
    
 
 
   
 





    
 
 
    
(2.56) 
where     is the known kinetic energy of the secondary ions,   is the acceleration 
voltage,   is the ion mass and   is the ion velocity. From Eq. (2.55), the time of flight is 
found to be sensitive to the ion mass which is determined by the ion species. Hence, the 












Chapter 3: Development of a rapid IPA-free silicon texturing 
process 
3.1 Introduction 
Random pyramid alkaline texturisation is widely applied as an antireflection 
feature, by reducing optical reflectance through the so-called ‘double-bounce’ effect for 
monocrystalline silicon solar cells. The texturing process is based on the anisotropic 
etching of Si in alkaline solutions, where the etching rate of the Si (111) planes is slower 
than that of the Si (100) planes. Conventionally, isopropyl alcohol (IPA) is added to the 
solution, to enable the anisotropic etching to take place.  
The conventional IPA texturing process has several drawbacks. For example, the 
etching bath temperature is limited to 80°C, due to the low boiling point of IPA. The 
process, therefore, takes a long time (about 20-30 min), which limits its throughput. 
Moreover, IPA depletion happens due to IPA evaporation at 80°C, so the replenishment 
of a large quantity of IPA is needed during the process, which in turn leads to an increase 
in the IPA consumption and thus higher production cost. Consequently, a process which 
can reduce the surfactant consumption, shorten the process time (to 5 min or less), and at 
the same time maintain a low surface reflectance, is an important area for research in the 
PV sector. 
The model of the pyramid development was described in Chapter 2. In short, the 
texturing process can be divided into two stages: nucleation (formation of small pyramids) 
and growth (pyramid expansion). The nucleation is the first and essential step for 
texturization. It is understood that the nucleation process requires a so-called ‘micro-
mask’, which adheres to the surface and inhibits the local reaction (i.e., forms localized 
temporary etch-stops). Once a local etch-stop has formed, with the adjacent atoms being 
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etched faster than the masked spot, small protrusions form on the surface, and hence 
expose (111) surface planes. For a rapid texturing process, the key is to implement a high 
boiling point chemical additive which can speed up the nucleation process by masking 
the surface (further details were given in Section 2.3). In the following experiment, 
triethylamine [TEA, N(CH2CH3)3] is applied owing to its extraordinary surface masking 
properties. 
Because of the very low TEA usage (owing to its strong surface masking 
property), the surface tension of the solution remains high; as a result, hydrogen bubbles 
(the etching product) adhere to the Si surface and cause raindrop-shaped defects (the 
additive should assist in reducing surface tension and accelerating the removal of 
hydrogen bubbles, see Section 2.3.2). Therefore, to optimize the solution, a tensioactive 
component [e.g. diethylene glycol (DEG), (HOCH2CH2)2O] is added to reduce the 
surface tension. DEG is chosen because of its high boiling point (240°C) and good 
availability
10
. Consequently, a three-component (KOH/TEA/DEG) method is demon-
strated, which provides a new way to form texturing solutions for c-Si wafers.  
 
3.2 Experimental details 
3.2.1 Experimental setup 
The texturing experiment was conducted on a laboratory-scale setup as illustrated 
in Figure 3.1. The texturing solution was contained in a beaker and heated by a silicone 
oil (polydimethylsiloxane) bath around the beaker. Silicone oil was used due to its high 
                                                     
10
 Please refer to Appendix C for the comparison of physical properties of TEA, DEG and 
IPA.  
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thermal stability, nontoxicity, and good thermal conductivity. The bath was placed on a 
hot plate for heating, whose temperature was controlled by a feedback loop. Another 
thermometer was placed in the texturing bath to ensure that the temperature is in the 
desired range. A magnetic mixer was used to stir the solution.  
 
Figure 3.1. Experimental setup of the texturing process development work. The texturing 
solution is heated by the silicone oil bath. The magnetic stirrer is placed at the bottom of 
the texturing solution to provide agitation. Two thermometers are used to monitor the 
temperature and provide a temperature control loop by feeding back to the hot plate.  
3.2.2 Details of the texturing process 
N-type, (100) oriented monocrystalline silicon wafers with resistivity of 1 - 2 
Ωcm were used in this experiment. The as-cut wafers were first etched in a 20 wt.% KOH 
solution at 80°C for 5 min [a conventional saw-damage etch (SDE) process], which 
results in a clean SDE surface (see Figure 3.2). The relatively uniform and reproducible 
SDE surface eases microscopic investigations and enables a fair comparison among 
samples. The wafers were then cut into small squares with a typical size of 30×30 mm
2
, 
in order to suit the proof-of-concept small-scale experimental setup shown in Figure 3.1. 
As a reference sample, the same wafers underwent a conventional IPA-based texturing 










Figure 3.2. SEM image of a SDE c-Si surface. The square shapes are typical etching 
patterns of the SDE surface.  
The experimental parameters involved in this work are outlined in Table 3.1. In 
the first experiment (TX-1), except that IPA is replaced by TEA, the other etching 
parameters (e.g. temperature, additive concentration, duration) were kept the same as in 
the conventional KOH/IPA process. The wafers were textured for 5, 10 and 15 minutes to 
investigate different texturing stages. 
After the TX-1 experiment, it was found that the surface etching was severely 
supressed by using the TEA with the same concentration as the IPA, which resulted in a 
poorly textured surface (see Figure 3.3). Therefore, in the second experiment (TX-2), the 
TEA concentration was reduced and the temperature was raised
11
 to speed up the surface 
etching towards the targeted process time of ~5 min. Different stages of texturing were 
investigated after various etching times. A textured surface with a WAR (weighted 
average reflectance) of 12.5% was obtained in 5 min.  
Despite the low WAR obtained in experiment TX-2, raindrop-shaped defects 
were observed on the surface [Figure 3.8(a)], which is caused by the attachment of 
hydrogen bubbles. Therefore, in order to reduce the surface tension and release the 
                                                     
11
 The upper limit of the temperature is 90˚C, to prevent boiling of the DI water.   
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hydrogen bubbles, the concentration of the additives was increased. DEG was added 
mainly as a surface wetting surfactant to expedite the hydrogen bubble release.  
The surface reflection was measured by a UV/VIS/NIR spectrophotometer 
(Agilent Technologies, UMS 7000) and the weighted average reflectance (WAR) 
between 400-1000 nm was calculated. The surface morphology was imaged with a 
scanning electron microscope (SEM) (Carl Zeiss Auriga).  
Table 3.1. Summary of the solution composition, chemical dosage and process conditions 
in various experiments for the rapid texturing process development. 










TX-1 KOH/TEA 1 5 -- 80 5 - 15 
TX-2 KOH/TEA 1 0.15 -- 90 1 - 5 
TX-3 KOH/TEA/DEG 1 0 - 1.2 0 - 11.5 90 5 
 
 
3.3 Results and discussion 
3.3.1 Application of TEA as the texturing additive 
Figure 3.3 shows SEM images of the surfaces textured in the KOH/TEA solution 
for 5, 10 and 15 min (TX-1). The square shaped SDE pattern (a characteristic feature of 
SDE c-Si surfaces) are clearly visible in all images, implying that the etching is 
insufficient. On the surface, only tiny protrusions are observed. As can be seen in the 
enlarged image [Figure 3.4(a)], the size of the protrusions is less than 100 nm, contrasting 
to the well-developed pyramidal structure of the reference sample [Figure 3.4(b)]. The 
results indicate unique interactions between TEA and the c-Si surface.  
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The small protrusions have almost no influence on the optical surface properties, 
as the surface reflectance is about the same as for a flat SDE surface, as indicated by the 
spectrophotometer measurement in Figure 3.6(b). Both SEM images and the reflectance 
data indicate that the texturing process is unsuccessful.  
Figure 3.3. SEM images of silicon surfaces textured in the KOH/TEA solutions with 1 
wt.% KOH and 4.8 vol.% TEA at 80˚C for (a) 5 min, (b) 10 min and (c) 15 min. The 
square SDE patterns can be clearly seen and no pyramid forms except numerous small 
protrusions. 
 
Figure 3.4. SEM images of the surface morphologies of (a) the sample etched in 1 wt.% 
KOH and 4.8 vol.% TEA at 80C for 15 min and (b) the reference sample.  
Based on the nucleation model discussed in Section 2.3.2, the high-density 
protrusions in Figure 3.3 and Figure 3.4 indicate that TEA compounds effectively 
suppress the reaction by masking the surface, which results in nucleation. This behaviour 
is attributed to the chemical properties of the TEA solution. The TEA is a tertiary amine 




 molecule with a lone electron pair at the sp
3 
hybridized nitrogen (N) 
atom, as depicted in Figure 3.5. The lone pair in the sp
3 
orbital is ready to be donated to a 
Lewis acid, which is the electron deficient Si atom (please see Appendix B for the 
formation of the electron deficient Si), and form a Si-N dative bond
13
. The Si-TEA 
complex can act as a mask for effective nucleation. 
Compared with many other organic molecules, such as alcohols, nitriles, ethers, 
and carbonyls, TEA is more electron-donating in nature [167]. According to a 
comprehensive study on the basicity of organic molecules (gas phase) under standard 
conditions by Hunter and Lias [167], the absolute value of the Gibbs free energy
14
 change 
in the protonation reaction
15
 is 951 kJ/mol for TEA. This energy change positively 
correlates to the basicity of an organic molecule. Many other compounds, such as IPA 
(i-C2H6OH, 762 kJ/mol), water (H2O, 660 kJ/mol), glycol [C2H4(OH)2 756 kJ/mol], 
1-butanol (C4H9OH, 762 kJ/mol), ammonia (NH3, 819 kJ/mol), hydrazine (N2H4, 822 
kJ/mol), benzene (C6H6, 725 kJ/mol), trimethylamine [N(CH3)3, 918 kJ/mol], are less 
basic than TEA. A long list of the basicity of organic compounds can be found in [167]. 
Based on the listed compounds, two patterns can be found: firstly, the alcohols (R-OH) 
                                                     
12
 The Lewis base (acid) is a definition of base (acid) proposed by Gilbert Newton Lewis. 
Differing from the Arrhenius theory that a base produces hydroxide ions and an acid produces 
hydrogen ions in solution, a Lewis base is an electron donor and an acid is an electron acceptor. A 
Lewis base is more electron rich (high electron density) and a Lewis acid is more electron 
deficient (low electron density). A Lewis base can donate its electron pair to the Lewis acid and 
form an adduct. The reaction can be written as A + :B  A—B. 
13
 A dative bond is a covalent bond between two atoms with two electrons provided by 
the same atom. 
14
 The Gibbs free energy measures the difference between the free energies of the 
reactants and products when all components of the reaction are present in standard conditions. The 
high Gibbs free energy value indicates the reaction is easier to happen and the products are more 
stable. 
15
 The protonation is a process of capturing a positive hydrogen ion (H
+
) by, in this case, 
the organic molecules (M) in gas phase. The reaction can be written as M + H
+
  MH+. The 
stronger is the molecule basicity, the easier is the protonation reaction. 
71 
are generally less basic, and secondly, the alkyl groups [-(CH2)nCH3] enhance the basicity 
of the N atom [basicity: NH3 < N(CH3)3 < N(CH2CH3)3]. The first pattern is due to the 
lower electronegativity of N (3.0) than O (3.5), so that the lone electron pair of the N 
atom is more loosely held and more available for donation. The second pattern is due to 
the electron donating nature of the alkyl group – when each alkyl group forms a covalent 
bond with the nitrogen, the electron cloud is pulled towards the N atom, making the N 
atom electron richer. These properties made TEA a good nucleophile that tends to donate 
its lone pair to the electron deficient Si, thereby forming a pseudo mask on the c-Si 
surface. 
The capability of the electron lone pair to form a dative bond on the surface has 
been shown in the literature [168-171]. Naitabdi et al. [172] showed that TEA can attach 
to Si and form Si-N dative bonds, by engaging its lone pair with the unoccupied Si 
dangling bond through a Lewis acid-base reaction. Other researchers [173-175] have 
reported that trimethylamine [TMA, N(CH3)3], which has the same functional group as 
TEA, can be chemisorbed on the Si surface by forming Si-N dative bonds.  
 
Figure 3.5. Illustration of sp
3 

















Because of the high basicity, TEA can easily bond to the Si surface and form a 
mask in the form of TEA-Si complexes. Furthermore, the three ethyl groups in the TEA 
molecule may further block the approach of OH
-
 groups, due to the steric effect. In this 
way, a stable local reaction-stop forms. As discussed in Chapter 2, the local etch-stops 
are the reason for the formation of the small pyramids (nucleation). However, as will be 
shown below, the nucleation density is so high that the etching reaction is supressed. 
Therefore, in order to obtain a properly textured Si surface, the temperature has to be 
raised to increase the etching rate and the TEA concentration has to be reduced to 
decrease the nucleation density.  
3.3.2 Rapid texturing in a KOH/TEA solution 
In this experiment (TX-2), the TEA concentration is reduced to 0.15 vol.% and 
the temperature is raised to 90C to increase the etching rate (normally 1.5-2 times 
higher), since the target of this experiment is to develop an alkaline texturing process 
with less than 5 min process time. Five SDE samples were etched for 1 - 5 min, respec-
tively, in order to investigate the texture evolution process. Figure 3.6(a) shows the 
change of the WAR as a function of the etching time. The WAR decreases quickly from 
34% to 25% and then to 14.1% in the first two minutes. After 5 min, a WAR of 12.44% 
is achieved. The WAR value is the same as that of the reference (12.43%, indicated by 
the horizontal dashed line). Despite TEA being seemingly ineffective in texturing 
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Figure 3.6. (a) The change of the WAR with respect to etching time for samples etched in 
KOH/TEA solution with 0.15 vol.% TEA at 90˚C. The reference WAR value is indicated 
by the horizontal dashed lines. The red dashed line is a guide to the eye; (b) The UV-VIS-
NIR reflectance spectra of the sample textured in the five-minute process at 90˚C with 
0.15 vol.% TEA, the sample textured in the 15-minute process at 80˚C with 5 vol.% TEA 
(TX-1), the SDE reference and the reference. 
Three representative samples (etched for 1, 3 and 5 min) were investigated with a 
SEM, as shown in Figure 3.7. Pyramidal structures can be clearly observed in the first 
minute [Figure 3.7(a)]. After 3 minutes, the pyramids cover almost the entire surface 
(except for a few locations, circled in Figure 3.7(b)), which means that 3 minutes is not 
enough to develop a fully textured surface, as is evidenced by the reflectance of 13.41%. 














However, after 5 min of etching the surface is fully covered by pyramids with high 
density [see Figure 3.7(c)].  
Figure 3.7. SEM images of silicon surfaces textured in a KOH/TEA solution with 1 wt.% 
KOH and 0.15 vol.% TEA at 90˚C for (a) 1 min, (b) 3 min and (c) 5 min.  
Although the SEM image reveals a decent surface texture, the surface exhibits 
raindrop-shaped defects which can be observed by the naked eye [see Figure 3.8(a)]. The 
formation of the defects is due to the large surface tension of the solution, which results 
in a slow release of the hydrogen bubbles. The hydrogen bubble can block the reaction at 
the particular location, resulting in different surface properties. The large surface tension 
is the consequence of the small TEA dose. This problem becomes worse at a higher 
temperature (90˚C), since the hydrogen generation rate is higher. Furthermore, due to the 
strong reaction suppressing property of TEA, there is not much room to increase the TEA 
concentration. Thus, introducing additional tensioactive compounds [176] to reduce the 
surface tension is necessary.  
3.3.3 Texturing in a KOH/TEA/DEG solution 
In this experiment (TX-3), DEG was chosen as the tensioactive compound 
because of its smaller surface tension of 45 mN m
-1
 compared to 72 mN m
-1
 of water. 
Furthermore, its high boiling point (240˚C) makes it stable in the solution, so that no top-
up is needed after the first addition in the real production process. The results show that 
the defects can be removed by adding 4.6 vol.% of DEG, as shown in Figure 3.8. The 
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surface tension is reduced due to the adsorption of the DEG at the liquid-air interface 
(solution-bubble interface) [62]. 
 
Figure 3.8. Photograph of the textured surface by the KOH/TEA solution with (a) no 
DEG and (b) 4.6 vol.% DEG. The raindrop shaped defects can only be clearly observed 
in (a). 
However, since DEG can also induce pyramids [because of the OH
-
 functional 
group; also see Figure 3.11(a) and (d)], the addition of DEG makes the system more 
complicated. In order to clearly identify the respective role of TEA and DEG, two 
experiments were conducted: one varied the DEG concentration with the TEA concen-
tration fixed at 0.48 vol.%, and the other varied the TEA concentration with the DEG 
concentration fixed at 4.6 vol.%. Both experiments were carried out at 90˚C for 5 minutes.  
(1) Influence of DEG 
Figure 3.9(a) shows the influence of the DEG concentration on the surface 
reflectance. It is found that low WAR (12 - 12.5%) can be achieved with a DEG 
concentration of up to 6.8 vol.%, indicating that adding DEG does not degrade the optical 
surface properties. The surface nature (SDE or as-cut) does not have a significant impact 




Figure 3.9. WAR of textured surface with respect to (a) the DEG concentration (b) the 
TEA concentration, on both SDE and as-cut surfaces. The dashed lines represent the 
WAR of the reference sample. It is found that the DEG does not influence the WAR 
values as much as TEA, suggesting different roles for the two compounds in the texturing 
process.  
Figure 3.10 shows SEM images of the textured surface, with DEG concentrations 
varying from 0 to 11.2 vol.%. When no DEG is added, on the SDE surface [Figure 
3.10(a)] the square SDE patterns are observed, though the WAR is sufficiently low. 
Furthermore, the pyramids are not as uniform (more small pyramids) as in the case of 
0.15 vol.% TEA [Figure 3.7(c)]. This difference can only be due to the difference in the 
TEA concentration. The higher concentration (0.48 vol.%) of TEA could result in a 
stronger masking effect and denser nucleation, which leads to a less uniform surface and 
smaller pyramids.  
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After adding 4.6 vol.% DEG, uniformly distributed pyramids are obtained, as 
shown in Figure 3.10(b). Note that the DEG concentration is 10 times the TEA concen-
tration. On one hand, the large DEG volume reduces the surface tension and results in a 
defect-free surface; on the other hand, since it is the fundamental property that the 
surfactant tends to accumulate near the interface (Si-solution interface) [62], DEG dilutes 
the TEA concentration near the surface, providing a weaker nucleation and a more 
uniform etching.  
When DEG concentration increases to 11.2 vol.%, smaller pyramids are formed 
and the square SDE patterns reappear on the SDE surface [Figure 3.10(c)]. Moreover, the 
surface reflectance increases to 14%. The smaller pyramid size indicates a denser 
nucleation and the SDE pattern indicates a slow etching process (because of the etching 
suppression by the surfactant). This result is due to the excessive amount of DEG.   
On the as-cut wafers, the morphology and reflectance do not change with the 
DEG concentration as much as the SDE wafers, indicating a better tolerance to the 
variation in the solution composition. This might be due to the large amount of saw-




Figure 3.10. SEM images of the textured surfaces at DEG concentration of 0, 4.6 and 
11.2 vol.% on both alkaline polished and as-cut surfaces with TEA concentration fixed at 
0.48 vol.%. Based on the surface uniformity, it follows that the optimum DEG 
concentration is around 4.6 vol.%. 
(2) Influence of TEA 
Figure 3.9(b) shows the influence of the TEA concentration on the surface 
reflectance using a 5-minute texturing process. Unlike Figure 3.9(a), where the WAR 
varies only slightly between 12% and 14%, in this case the WAR varies from 12% to 19% 
with only 0.2 - 1.2 vol.% change in TEA, indicating that the surface morphology is more 
sensitive to the TEA concentration.  
Figure 3.11 shows SEM images of textured surfaces with TEA concentrations 
varying from 0 to 1.2 vol.%. Although pyramids are produced without TEA, there are 
some uncovered spaces between pyramids, which result in a high WAR of 13.8%. In 
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contrast, it is demonstrated that a fully textured surface can be produced with only 0.15 
vol.% TEA. This confirms TEA’s special nucleation-promoting properties. After adding 
0.72 vol.% TEA, a uniform and fully covered textured surface is obtained, as shown in 
Figure 3.11(b) and (e). The WAR value also indicates that the surface is fully textured. 
This improvement is the result of a faster nucleation by adding TEA. The faster 
nucleation is also suggested by the smaller pyramid size and the denser distribution. 
When the TEA concentration reaches 1.2 vol.%, the pyramidal structure breaks down, as 
shown in Figure 3.11 (c) and (f), and the SDE pattern is again observed. The observation 
indicates an over-dose of TEA that results in etching suppression, in a similar manner as 
in experiment TX-1.  
 
Figure 3.11. SEM images of the textured surfaces at TEA concentration of 0, 0.72 and 1.2 
vol.% on both alkaline polished and as-cut surfaces with DEG concentration fixed at 4.6 
vol.%. It shows the surface morphology is very sensitive to the TEA concentration.  
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The investigations show that the surface reflectance and morphology are more 
sensitive to the TEA concentration, suggesting that TEA is the main agent responsible for 
the pyramid formation. High boiling point molecules (e.g. DEG), which are not so 
effective in inducing the pyramids, are mainly responsible for the surface tension 
reduction. Thus, a solution composing the etchant (KOH), the nucleation agent (TEA) 
and the surface wetting surfactant (DEG) is developed. The three-component solution has 
several advantages over the two-component solution: it can achieve a fully textured 
surface in a shorter time than the KOH/DEG solution, and it produces an almost defect-
free surface compared with the KOH/TEA solution. 
 Based on this experiment, the optimum composition for a five-minute texturing 
process at 90˚C is: 1 wt.% KOH, 0.46 - 0.72 vol.% TEA and 4.6 vol.% DEG. A process 
parameter comparison with the conventional IPA process is shown in Table 3.2. The 
three-component solution seems ideal for a rapid texturing process, because it can 
achieve a balance between the nucleation rate, the surface tension and the etching rate. 
The results suggest a new way to develop the c-Si texturing process: instead of looking 
for an ideal organic compound, a few chemicals can be mixed together as long as they 







Table3.2. Process parameter comparison between the new process and the IPA process. 
Parameters New process IPA process 
Temperature 90˚C 80˚C 
Process duration 5 min 30 min 
KOH concentration 1 wt.% 1 wt.% 
Additive concentration 0.46 - 0.72 vol.% (TEA) 5 - 8 vol.% (IPA) 
Other surfactant 




WAR (400 -1000 nm) 12.5% 12.5% 
 
3.3.4 Pyramid size characterization 
To compare the commercial reference sample with the sample produced with the 
new etching solution, a statistical characterization of the pyramid height determined with 
a 3D confocal microscopy was carried out. The method was demonstrated in [177, 178]. 
Both samples have a similar WAR of about 12.4 %. The measurement is done within an 
optical field of view (FOV) of 116 × 87 mm
2
. Here, the pyramid height (see Figure 3.7) is 
defined as the perpendicular distance from a detected pyramid tip to the reference plane 
defined by 5% of the lowest pixels in the microscope image. The height profiling 
resolution is about 15 nm. The height distribution histogram is presented together with 
the zoomed-in SEM images, see Figure 3.12. As can be seen, the two samples have 
similar average pyramid heights: 2.0 µm for the reference sample and 2.4 µm for the 
sample etched with the developed solution. The height distribution for the reference 
sample is shifted towards the left of the axis, indicating a larger number of small 
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pyramids. The SEM image in each graph agrees with this observation, by revealing a 
larger number of tiny pyramids on the reference sample. Therefore, the KOH/TEA/DEG 
texturing method not only achieves similar WAR values, but also obtains a similar or 
even more uniform pyramid distribution. 
 
Figure3.12. Histogram of pyramid height distribution of (a) the reference [Figure 3.4(b)] 
and (b) the KOH/TEA/DEG processed sample [Figure 3.10(b)] with their zoomed-in 





In this Chapter, TEA was investigated as a substitute to IPA for a rapid alkaline 
texturing process for monocrystalline Si wafers. It was found that the use of 5 vol.% TEA 
induces a large number of tiny protrusions (< 100 nm), which is an indication of its extra-
ordinarily strong surface masking and reaction suppressing properties. The strong TEA 
bonding to the Si surface is proposed to stem from the formation of Si-N dative bonds, by 
donating the N electron lone pair to the electron deficient Si atoms. Once the TEA is 
bonded to Si, it can suppress further Si etching by stabilizing the Si atom and blocking 
further OH
-
 access. Because of its excellent masking properties, only 0.15 vol.% TEA is 
required to achieve a fully textured c-Si surface within only 5 minutes at 90°C. It is thus 
clear that TEA is very effective in inducing nucleation and developing the surface texture 
in a very short time (compared with the conventional method).  
Next, a KOH/TEA/DEG three-component system was introduced to remove the 
raindrop-like defects observed for the KOH/TEA system. By varying the TEA and DEG 
concentrations, the role of each agent was clearly identified. It was shown that TEA is 
largely responsible for nucleation, while DEG is the main cause for the reduced surface 
tension. By using 0.72 vol.% TEA and 4.6 vol.% DEG, a very uniformly textured c-Si 
surface with an average pyramid height of 2.4 µm was obtained.  
By using either the KOH/TEA or the KOH/TEA/DEG system, sufficiently low 
WAR values were achieved in only 5 minutes, implying the industrial viability of a rapid 
c-Si texturing process by TEA. Furthermore, the development of the three-component 
solution illustrated an alternative approach for formulating the texturing solution. Instead 
of looking for an ideal surfactant to replace IPA, more than two chemicals can be 
combined to perform specific roles separately.  
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 Chapter 4: Improved surface cleaning by an n+ emitter etch back 
4.1 Introduction 
Anisotropic etching of c-Si by buffered HF solutions was observed in the late 
1980s [104, 106, 107], showing the formation of large ideal (111) monohydride terraces 
separated by monohydride steps. This special etching behaviour might become a simple 
but effective method to improve the emitter cleaning and passivation, by etching the 
facets [also (111) surface] of the front surface pyramids. In this study, the commonly 
used diluted HF (2%) solution is modified by adjusting its pH value to form buffered HF 
solution. The effects of etching in buffered HF solutions on the n
+
 emitter passivation 
quality and Al-BSF silicon solar cell performance are investigated. In addition, the 
etching characteristics of buffered HF solutions on textured phosphorus doped emitters 
are studied.  
 
4.2 Experimental details 
200 µm thick commercial (China Sunergy, ‘CSUN’) p-type solar-grade 
Czochralski (Cz) textured silicon wafers [156 mm × 156 mm, (111), 1 Ω cm] were used. 
After cleaning in RCA 1 (NH4OH: H2O2: H2O = 1: 1: 6) and RCA 2 (HCl: H2O2: H2O = 1: 
1: 6) solutions at 80°C for 10 min, the wafers were dipped in 2% HF solution for 1 min to 
remove the chemical oxide and then rinsed in deionized (DI) water before the thermal 
diffusion process. 
The 90 Ω/□ n+ emitter was formed by phosphorus oxychloride (POCl3) thermal 
diffusion using a batch furnace. There are two types of diffused samples in this study: 




p structure, see Figure 4.1(a)] were used for the fabrication of Al-BSF 
solar cells (see Figure 2.3). After diffusion, the n
+
p wafers underwent a phosphorus 
silicate glass (PSG) removal in 5% HF solution, and then a single-side wet-chemical edge 
isolation process in a HF-NHO3-H2SO4-H2O mixture. The edge isolation step can remove 
unwanted diffused areas on the rear surface and the wafer edges, and at the same time 
polish the rear surface.  




structure, see Figure 4.1(b)] were used 





 wafers only went through a PSG removal in a 5% HF bath without edge isolation. 
Then the wafers were rinsed and dried for the subsequent processes.  
4.2.1 Sample fabrication for emitter passivation studies 




 samples were etched for three minutes in 2% HF 
solutions with three different pH values: 2, 3 and 6. The solutions with higher pH values 
(3 and 6) were obtained by adding ammonia hydroxide (NH4OH) to the HF solution. 
Since this addition creates a substantial amount of heat, a waiting time is needed to let the 
solution cool down to room temperature. After the pH dependent HF etching, the wafers 
were rinsed with DI water and dried before being symmetrically passivated by 70 nm 
thick SiNx films, using microwave powered PECVD. The passivated samples were then 




The dependence of the emitter passivation quality on the pH value was evaluated 
based on implied open-circuit voltages (    ) measured by the quasi-steady-state photo-
conductance (QSSPC) technique [156]. Five wafers were prepared for each pH value. To 
take the non-uniformity of diffusion and passivation into consideration, effective 
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lifetimes at five different locations (the centre and four corners) were measured for each 
wafer. Thus, there are in total 25 data points for each investigated etching solution.  
4.2.2 Fabrication of solar cells 
After edge isolation, the n
+
p samples went through the pH dependent HF etching 
as described above. The emitter surfaces were then passivated with 70 nm thick SiNx 
films. An aluminium (Al) paste (MonoCrystal, Analog PASE 12D) and a silver (Ag) 
paste (DuPont, PV17F) were then screen printed to form rear and front contacts, respec-
tively. The contacts were co-fired in the belt firing furnace under the same conditions as 
the passivation samples. The solar cell performance was characterized with a current-
voltage (I-V) tester (WAVELAB). 
4.2.3 Characterization of pH dependent HF etching 





were used to ensure identical rates for both sides. In each HF solution, the samples were 
etched for 3, 5, 8, 13, 21 or 34 minutes, and the change of the weight was measured with 
a high-precision weighing scale. The sheet resistance change as a function of the etching 
time was measured with a four-point probe (4PP, Advanced Instrument Technology, 
CMT-SR2000N-PV). The dopant profile was measured with an electrochemical 
capacitance-voltage (ECV) analyser (WEP, CVP21) to validate the results obtained by 
the weighing scale. 
Because of the high etching rate in high-pH solutions, it is suspected that the 
surface morphology and optical properties are affected. Thus, the change of reflectance as 
a function of the etching time was measured with a UV-Vis-NIR spectrophotometer 
(Agilent Technologies, UMS 7000) over a wavelength range of 300-1200 nm. The 
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surface morphology was measured using a scanning electron microscope (SEM; Carl 
Zeiss Auriga). 
 
Figure 4.1. Sample structures used in this chapter. 
 
4.3 Results and discussion 
4.3.1 Emitter passivation study 
The dependence of the emitter passivation quality on the pH value of the HF 




 structure were etched in three 
HF solutions for 3 min at room temperature. It shows that the average      under 1-Sun 
condition increases from 0.632 V to 0.644 V when the pH value increases from 2 to 6. 
The emitter saturation current density     corresponding to the average      value is 
calculated according to Eq. (4.1) [179]: 
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and    (given by the measurement) are the doping concentration and the excess carrier 





 @ 298 K) . The     per side is calculated by extracting the slope of the inverse 
Auger-corrected injection level dependent effective lifetime [the left side of the Eq. (4.1)] 
at high-injection conditions. 
Figure 4.2(b) shows that     reduces from 128 to 62 fA cm
-2
 due to etching in the 
high-pH solution. For a 90 - 100 Ω/□ n+ emitter, the     of this work is comparable to 
other high-quality emitter passivations reported in the literature: Aberle et al. [180] 
showed a     of 100 fA cm
-2
 by a remote-plasma SiNx deposition on planar wafers; 
Moschner et al. [181] achieved     of 94 and 60 fA cm
-2
 on textured and planar surfaces, 
respectively, by double-layer SiNx
 
deposition; Kerr et al. [182] obtained     of 50 fA cm
-2
 
on planar wafers and of 70 fA cm
-2
 on textured wafers.  
Assuming a short-circuit current density (Jsc) of 40 mA cm
-2
 and using an ideal 
diode law, the maximum     (limited by the    ) increases from 680 mV to 699 mV 
when the pH value increases from 2 to 6. These results show that     can be reduced by a 








 samples that were previously etched in 
HF solutions with different pH; (b)     corresponding to the average      of the three 
sample batches. Higher      and lower     are achieved with the buffered HF solutions, 
indicating the effectiveness of the new process in improving emitter passivation. 
4.3.2 Solar cell performance  
The electrical parameters of the completed solar cells are shown in Figure 4.3. 
The illuminated current–voltage (I–V) characteristics were measured under 1 Sun (1000 
W/m
2
) intensity and the air mass 1.5 Global (AM1.5 G) spectrum (i.e., standard testing 
conditions, STC). The solar cell used for calibration was certified by the Fraunhofer ISE 
Cal Lab, Germany. The results show that the solar cells etched in a high-pH solution 
achieve an average efficiency ( ) of 19.0%, representing a 0.15% absolute gain compared 

































































with the normal HF etch (pH 2). The cell-to-cell efficiency variation also narrows down, 
with the calculated standard deviation reducing from 0.1% to 0.03%. For     the average 
value increases from 634 to 636 mV and the standard deviation reduces from 1 to 0.5 mV. 





). The improvement of     is due to the improvement of surface 
passivation, which agrees with the improvements of the emitter passivation (Figure 4.2).  
Surface passivation improvement can be further confirmed by photolumines-
cence imaging (PL) and internal quantum efficiency (IQE) measurements, as shown in 
Figure 4.4 and Figure 4.5. In agreement with the emitter passivation experiment, the PL 
photon counts of the solar cells etched in high-pH solutions increase: the mean improves 
from 38,480 to 42,880 arbitrary units (A. U.), and the maximum count improves from 
54,800 to 59,670 A. U. The IQE shows a 2.5% improvement in the 320 - 400 nm wave-
length range, indicating a smaller front surface recombination rate. The results further 
confirm the superior surface cleaning by the buffered HF solution. The surface cleaning 





Figure 4.3.             and   of the three solar cell batches cleaned in HF solutions with 
three different pH values. The results suggest that buffered HF cleaning improves the cell 
performance. 




























































Figure 4.4. The photon counts of the solar cell front surface under photoluminescence 
(PL). (a), (b) and (c) correspond to HF solutions with pH values of 2, 3, and 6, respec-
tively. The cells etched in high-pH solutions show higher photon count, suggesting a 
better front surface passivation. The PL characterization result agrees with the 
improvement of emitter passivation in Figure 4.2 and the enhancement of     and    in 
Figure 4.3. 
 
Figure 4.5. IQE measurement of solar cells processed in HF solutions with pH 2 and 6. 
An increase of 2.5% at short wavelengths (below 450 nm) is observed.  
Except for the HF step, all the solar cells of Figure 4.3 were processed in the 
same batch. The rest of the steps (diffusion, PECVD and metallization) were done at the 
same time by the same machine with the same process condition. Thus, it is confirmed 
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that the difference in their performance is due to different HF etching processes. The 
buffered HF solution can, as mentioned in the literature, increase the etching rate of 
silicon [101, 110], whereas the etching rate in the normal HF solution is extremely small 
(only 0.01 - 0.047 nm min
-1
 on Si (111) surface [101, 102]). The faster etching in the 
buffered HF solution would help etch away a thin defective layer on the emitter in a short 
time and ensure a high-quality emitter surface before the SiNx deposition process. Based 
on the above results, it can be confirmed that the buffered HF etching helps to improve 
the n
+
 emitter passivation. The improvement of 0.15% (absolute) in efficiency is not large, 
but it will still be a significant improvement if it can be realised in industry. In the future, 
an industrial evaluation has to be carried out to quantify the benefit statistically.  
In the next section, the etching characteristics of the n
+
 emitter by buffered HF 
will be characterized and discussed.  
4.3.3 Characterization of the etch-back effect  





respect to the etching time, as calculated from the weighing scale measurements. In 
agreement with the literature, it is found that the etching rate increases with the pH value. 
In only 3 min (the first data point), the pH 6 solution etches away about 10 nm per side, 
which is 6 times the etching rate of the normal HF solution (2%). The etching rate 
difference is also supported by the sheet resistance increase of 15 Ω/□ due to etching in 
the pH 6 solution, whereas almost no change in the sheet resistance is observed for 
etching in the normal HF solution. Thus, it can be concluded that an emitter etch-back is 
successfully achieved. The change of the doping profile with respect to the etching time 
is given in Figure 4.7, showing an etched thickness of about 16 and 50 nm in pH 2 and 
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pH 6 solutions, respectively, after a 34-minute etching process. These results are 
consistent with the 20 nm and 58 nm measured with the weighing scale. 
 
Figure 4.6. Etched silicon thickness (left) and sheet resistance (right) versus etching time. 
The data points were taken after etching for 3, 5, 8, 13, 21 and 34 minutes. Each data 




 sample which underwent same diffusion but 
different HF etching process.  



















































































































































Figure 4.7. Emitter doping profile with respect to etching duration, in pH 2 and pH 6 
solutions. It can be seen that the solution of pH 6 etch the emitter faster. The result is 
consistent with the measurement by weighing scale.  
Based on the higher etching rate in the buffered HF, it is reasonable to conclude 
that the emitter’s surface passivation quality can be improved by etching away a thin 
defective surface layer. The cell efficiency improvement in Figure 4.3 is obvious after 
raising the pH value to 3, whereby 5 nm of Si surface layer is removed during a 3-min 
etch. This observation suggests that the outermost 5 nm thick silicon layer contains most 
of the defects.  
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As discussed in detail by Allongue et al. [110] and Willeke and Kellermann 
[102], the fast etching is due to hydroxide mediated hydrolysis. In normal HF solution, 
the oxide is rapidly removed by the HF and a hydrophobic surface is formed with H 
termination. The Si-H bond is weakly polarized, so both the Si-H and Si-Si back bonds 
are stable. However, with increasing OH
- 
concentration, the chance of OH
-
 reacting with 
Si-H bonds increases, leading to the oxidation of the surface Si atoms (Si-OH). The 
Si-OH is then etched by the HF to form Si-F [Eq. (2.29)] and the Si-Si back bonds are 
weakened due to the strong polarization of Si-F. The weakened back bonds facilitate the 
removal of surface Si atoms.  
Besides the higher etching rate, the buffered HF solution offers the additional 
benefit of smoothing the pyramid facets. This is due to the anisotropic etching property of 
the buffered HF solution. Previous studies reported that atomically flat Si (111) surfaces 
can be obtained by buffered HF solution [103-105], because atoms having multiple 
dangling bonds (steps, adatoms, defects) are easier to be hydrolysed than the ideal (111) 
surface atoms which have only one dangling bond. Figure 4.10 shows that, after 34 
minutes of etching in buffered HF solution, the pyramid facets are free from steps and 
kinks. This confirms the anisotropic etching characteristics in high-pH HF solutions, 
which is in agreement with the literature.  
When the etching rate is plotted versus the etching time, see Figure 4.8, it is 
found that the etch rate in pH 6 solution is above 3 nm/min in the first 5 min and then 
drops drastically. Hence, besides the hydroxide mediated hydrolysis, the etch-back may 
also relate to a high phosphorus concentration at the surface. Liu et al. [183] observed a 
phosphorus concentration dependent etching rate of n
+
 c-Si emitters at 40°C by using a 5% 
HF solution and Si (100) surfaces. The given explanation was the stress induced silicon 
amorphization [184] and the hole injection caused by double negatively charge vacancies 
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(  ) in highly doped n+ emitters [185]. The stress induced amorphization makes the 
atoms prone to etching because of the lowered etching activation energy in stressed Si-Si 
bonds. Thus, the etching rate decreases once the highly n
+
 doped surface region has been 
removed.  
 
Figure 4.8. Textured n
+
 emitter etching rate versus etching time at room temperature. 
4.3.4 Surface morphology and optical properties  
Due to the higher etching rate in pH 6 solution, it is of interest to find out if there 
is a morphological or optical change owing to the fast etching rate. Figure 4.9 shows the 




 samples with respect to the etching time. A non-diffused 




 sample (without HF etching) were used as references. It is 
found that the reflectance at long wavelengths (e.g. 1200 nm) increases with etching time, 
which is due to the reduction in free carrier absorption in the n
+
 layers at the back side 
(due to the emitter etch-back ). The reflectance in the 400 - 1000 nm wavelength range, 
however, shows no obvious change, suggesting that the buffered HF solution etches 
along the pyramid facets without changing the angle between the face and the base. This 
again agrees with the anisotropic etching property of the buffered HF solution. 
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wafer before HF etching and a textured p-Si
 
wafer before HF etching. 
The surface morphology was further investigated with a SEM (Figure 4.10). A 
prolonged etching time was chosen in order to make the morphological surface changes 
more obvious. Figure 4.10(a) shows a textured n
+
 c-Si emitter without HF treatment. The 
facets are full of kinks and steps, indicating a severe surface roughness. After etching in 
the pH 6 solution for 34 minutes, the facets are much smoother, which is a result of the 
anisotropic surface etching along the pyramid facets confirms that the pyramid structure 
is not affected by the high etching rate in the buffered HF solution. However, the normal 
2% HF solution induces additional defects, as can be seen from the white coloured layer 
around the pyramid tips. Although longer etching can obtain a very smooth surface, it 
will cause the increase of contact resistance (due to higher sheet resistance of the emitter) 
and the decrease of throughput in real production.  
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Figure 4.10. SEM images of textured n
+
 emitters after (a) no HF treatment, (b) 34 min 
etching in pH 6 solution, and (c) 34 min etching in the normal diluted HF solution. A 
long etching time was chosen in order to clearly reveal the surface changes.  
 
4.4 Summary 
In this chapter, an etch-back process for textured n
+
 c-Si layers (‘emitters’) by 
means of a diluted (2%) buffered HF solution (pH ≈ 6) was demonstrated. The improve-
ment in the average cell efficiency and the reduction in the cell-to-cell variation (see 
Figure 4.3) suggests that this method can effectively improve the solar cell efficiency. 
The improvement is due to a better surface passivation by SiNx, which in turn results 
from the emitter etch-back which removes a thin defect-rich surface region. In the 
high-pH HF solution, a high etching rate of 3.5 nm min
-1
 was achieved for textured 90 
Ω/□ emitters during the first 5 minutes, because of two factors: 1. hydroxide assisted 
surface hydrolysis; 2. surface amorphization due to high phosphorus doping concen-
tration. Despite the high etching rate, the surface’s optical properties are not affected, 
indicating an anisotropic etching along the (111) surfaces.  
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Chapter 5: Development of a hydrogen plasma etching process for 
heterojunction solar cell applications 
5.1 Introduction 
The surface cleanliness of a silicon wafer is of utmost importance for HET 
silicon solar cells. The typical cleaning step prior to the a-Si:H(i) deposition consists of a 
standard RCA clean and a wet-chemical HF dip to remove any native oxides from the 
silicon surface. To avoid potential contamination and re-oxidation during wafer transfer 
from the wet bench to the plasma reactor, and to address the ecological issues by 
reducing chemical waste, a fluorine-free dry etching method that combines surface 
cleaning with subsequent passivation emerges as a desirable alternative. HF-free 
hydrogen plasma etching (PE) is a good candidate due to its ability of oxide removal and 
the simultaneous chemical passivation by atomic hydrogen. However, hydrogen plasma 
dry etching at low temperature is challenging for solar cell applications because of issues 
like the process integration, low throughput, incomplete surface treatment, and surface 
damage. In particular, the etching rate of silicon oxide (SiO2) is about 30 times slower 
than that of c-Si [33], so removing the SiO2 effectively but maintaining a low c-Si surface 
damage is a challenge. Therefore, despite potential advantages, an industrial integration 
of hydrogen PE into solar cell fabrication is still lacking. Moreover, the characterization 
methods used in existing studies concerning plasma surface treatment are inadequate, as 
only ellipsometry was usually used to assess the post-plasma etched surface and to 
explain the influence of the plasma on the passivation quality [111, 186]. 
The aim of the present work is to develop a workable and fast hydrogen plasma 
etching process using an industrial inline ICPECVD tool (SINGULAR-HET, 
SINGULUS TECHNOLOGIES, Germany). Process parameters, such as the substrate 
temperature, hydrogen flow rate and plasma power, are investigated. To be compatible 
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with the low-temperature process requirement of HET solar cells, the etching temperature 
is kept below 200˚C. By varying these parameters, and by comparing lifetimes after 
a-Si:H(i) passivation, critical parameters and the optimal etching condition are identified.  
 
5.2 Experimental details 
Planar 120 µm thick n-type solar-grade Cz silicon wafers [125 mm × 125 mm, 
(100), 5 Ωcm] were used. Before plasma etching, the wafers first underwent a standard 
saw damage etch (SDE), reducing the thickness to about 100 µm. After RCA 1 (NH4OH: 
H2O2: H2O = 1: 1: 6) and RCA 2 (HCl: H2O2: H2O = 1: 1: 6) cleaning for 10 minutes at 
80°C, respectively, the wafers were rinsed with deionized water (DI water) and then dried 
with N2 gas. Only planar wafers were used, to eliminate the influence of the textured 
surface roughness on the passivation quality.  
An illustration of the plasma etching process in the inline ICPECVD system is 
shown in Figure 5.1. Wafers were pre-heated by an infrared lamp array for 20 s. 
Pyrometers installed after each process (and pre-heating) station monitored the substrate 
temperature. The ICP source in each process station was driven at radio frequency of 
13.56 MHz. The wafer temperature was maintained by stabilization heaters when being 
processed in the PS2 and PS3. 
 
Figure 5.1. Illustration of the inline doubled-side plasma etching process.  
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In this study, the PE power density was varied from 0.72 to 1.0 W cm
-2
, the 
hydrogen flow rate / pressure from 500 sccm (standard cubic centimetres per minute) / 
0.014 mbar to 700 sccm / 0.031 mbar, and the substrate temperature from 70°C to 190°C. 
It should be noted that the process pressure was adjusted by varying the total gas flow 
rate. The processing time in all PE experiments was fixed at 20 s. The processing time 
can be lowered in future works by adjusting the plasma power and gas flow rates.  
The HF-dipped sample not receiving a PE was taken as a reference, to bench-
mark the passivation quality of the PE sample. The HF samples were cleaned in 2% HF 
solution for 40 s and then transferred quickly (within minutes) to the ICPECVD platform.  
Next, all samples were symmetrically passivated by 25 nm thick a-Si:H(i) layers. 
The HF sample and plasma sample were not deposited at the same run because they were 
placed in the same location of the carrier to ensure the similar deposition conditions 
(temperature, gas flow). The a-Si:H(i) deposition was performed at about 150°C with 
equal flow rates of hydrogen and silane. Details of the a-Si:H(i) deposition process can 
be found in [187]. Note that two separate cycles of surface etching and layer deposition 
required a vacuum break, which exposed the hot (~100°C) wafers to ambient air. Then, 
all samples were annealed (at 290°C for 3 minutes for the PE samples and at 200˚C for 
10 minutes for the HF samples, based on the respective annealing optimization studies). 
Details on the annealing process studies will be given in Chapter 6. 
The effective carrier lifetimes of the passivated samples were measured with the 
quasi-steady-state photoconductance (QSSPC) technique (Sinton WCT-120, Sinton 
Consulting, USA), as described in [156]. The lifetime strongly depends on the surface 
passivation quality, which is influenced strongly by the surface quality after the surface 
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clean (PE or HF dip). From the dependence of the lifetime on the PE parameters, critical 
parameters of the plasma etching process were identified. 
Assuming that both surfaces are identically passivated, the surface recombination 
velocity      at each surface is given by [188]: 





    
 
 
     
  (5.1) 
where W is the wafer thickness and τbulk the bulk lifetime of the wafer, which is a 
combined result of Auger, radiative and Shockley-Read-Hall recombination. By further 
assuming a perfect bulk quality (i.e. τbulk → ∞), the upper limit Seff, max of the surface 
recombination velocity can be calculated by: 
     
 
 
   
 
    
 (5.2) 
To characterize the surface conditions for different plasma etching settings, 
transmission electron microscopy (TEM) (JEOL-2010, JEOL, Japan) was used to provide 
a direct visualization of plasma etched surfaces and to understand how the plasma 
parameters influence the oxide removal and the surface modification.  
Besides TEM, ex-situ spectroscopic ellipsometry (SE800-PV, SENTECH 
Instruments, Germany) with wavelengths of 300 - 800 nm was used to monitor the native 
oxide and surface roughness of c-Si test samples immediately after plasma or HF etching, 
as well as untreated samples. The ellipsometry based measuring technique to identify 
surface contamination and roughness is widely used and well established [111, 186, 189]. 
The test samples are single-side mirror polished high-resistivity FZ Si wafers with a 
thickness of 625 µm. The pseudo-dielectric functions ε1 and ε2 were obtained based on 
the measured values (ψ, Δ) using an optical model that assumes a perfectly flat substrate 
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with infinite thickness [161]. Note that the pseudo-dielectric functions vary according to 
the degree of surface roughness and contamination (in this case the native oxide) [161]. 
When the surface is roughened or is contaminated by foreign materials, the ε1 and ε2 peak 
amplitudes reduce (see, for example, Figure 5.5). 
 
5.3 Results and discussion  
5.3.1 Effect of plasma etching parameters on passivation quality 
Table 5.1 summarizes the plasma etching parameters and the corresponding 
effective carrier lifetime after passivation. Effective lifetime values of more than 3 ms 
have been obtained on PE sample, which are higher than the 1.9 ms for the HF cleaned 
reference sample. Comparing samples PE-1, PE-6 and PE-7, no significant dependence of 
the effective lifetime on the power density is observed. This indicates the potential to 
further reduce the PE processing time by increasing the plasma power. The temperature 
and flow rate, however, have a larger impact on the lifetimes (see also Figure 5.2), which 
indicates that they are the key parameters that influence the hydrogen PE process in the 
ICPECVD system. The best effective lifetime is obtained for a substrate temperature of 
190°C and a flow rate / pressure of 500 sccm / 0.014 mbar (PE-1 and PE-7). The 
effective lifetime reduces when the wafers are subjected to lower heating power or higher 






Table 5.1. Plasma etching conditions and the corresponding effective carrier lifetimes. 


















(ms) (ms) (mV) 
HF 
reference 
-- -- -- 1.16 1.89 725 
PE-1 90 0.72 500 / 0.014 0.35 3.05 736 
PE-2 190 0.72 600 / 0.021 0.26 2.54 735 
PE-3 140 0.72 500 / 0.014 0.04 1.04 710 
PE-4 190 0.72 700 / 0.031 0.02 0.59 704 
PE-5 70 0.72 500 / 0.014 0.006 -- -- 
PE-6 190 0.8 500 / 0.014 0.40 2.98 736 




Figure 5.2. Effective carrier lifetimes of samples before (as-deposited) and after thermal 
annealing as a function of (a) pyrometer sensed temperature Tpyro, (b) gas flow rate, and 
(c) power density during the plasma etching process. The lines are guides to the eye. 
In order to better understand the physical origin of the observed dependence on 
temperature and gas flow rate, three PE samples (PE-1, PE-3, and PE-4) processed with 
the same power density (0.72 mW/cm
2
) were selected for more detailed investigations. 
Figure 5.3 illustrates the effective lifetime of these samples: the optimal condition (190°C, 
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500 sccm), the low-temperature condition (140°C, 500 sccm) and the high-flow-rate 
condition (190°C, 700 sccm). Furthermore, an HF sample is added as a reference.  
Sample PE-1 has a τeff of 3.05 ms and a Seff, max of 1.6 cm s
-1
. The low-
temperature plasma etch (sample PE-3) gives a τeff of 1.04 ms and a Seff, max of 4.8 cm s
-1
, 
while the high-flow-rate / pressure plasma condition (sample PE-4) has a τeff of 0.59 ms 
and a Seff, max of 8.6 cm s





Figure 5.3. Effective minority carrier lifetimes of annealed samples and corresponding 
upper-limit effective surface recombination velocities for the HF reference sample and 
three PE samples under: (1) the optimal condition (PE-1, 190°C, 500 sccm); (2) the low-
temperature condition (PE-3, 140°C, 700 sccm) and (3) the high-flow-rate condition (PE-
4, 190°C, 700 sccm). The intrinsic lifetime is calculated based on the model proposed by 
Richter et al. [190]. 
5.3.2 Analysis of surface and interface under different etching conditions 
The cross-sectional TEM images of samples PE-1, PE-3, PE-4 and HF reference 
are illustrated in Figure 5.4, using low (left) and high (right) resolution. A native oxide, 
which is represented by the white layer between a-Si and c-Si, can be observed for the 
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native oxide layer under low-temperature and high-flow-rate / pressure conditions 
indicates an incomplete oxide etching, which affects the passivation quality as shown in 
Figure 5.3. For sample PE-1, a distinctive 5 nm thick dark layer exists on the c-Si 
substrate with no obvious oxide residual, as shown in Figure 5.4(a) and (b). Figure 5.4(g) 
and (h) show that the HF reference sample has a clear interface with neither the oxide 
layer nor the dark layer. In the next section, the incompleteness of the oxide removal 
process is investigated further using TEM and ellipsometry. 
(1) Effect of substrate temperature 
 
Figure 5.4(c) and (d) show a cross-sectional view of the a-Si/c-Si interface of 
sample PE-3, which was plasma etched at 140°C. The interfacial oxide layer is about 1 
nm thick and is in a partially amorphous phase. A very thin dark layer beneath the oxide 
layer is only observable in Figure 5.4(c). In Figure 5.5, the ε1 and ε2 spectra show that the 
sample has the lowest ε1 and ε2 peak amplitude at about 3.2 eV, and the highest ε2 signal 
between 2 eV and 3 eV. These signatures are normally caused by the surface roughness 
and foreign elements [161]. When the surface is smooth and free of native oxide, ε1 and 
ε2 peaks are high and the rise of the ε2 function at 3 eV is sharp, as shown by the spectra 
of the HF sample in Figure 5.5. Even the non-etched sample with native oxide yields 
sharp and high ε1 and ε2 peaks. Therefore the main reason for the low ε1 and ε2 peak 
amplitude in the plasma etched samples is attributed to surface roughness, instead of the 
native oxide. The surface roughness is detrimental to surface passivation due to increase 
of defects and dangling bonds. In Figure 5.5(d), the partially amorphised oxide interlayer 
indicates a certain extent of plasma bombardment to the surface. Yet, the bombardment is 
insufficient to fully remove the oxide. This is due to the fact that, instead of physical 
bombardment, the dominant mechanism involved in the plasma cleaning of SiO2 is a 
chemical reaction, in which hydrogen reacts with SiO2 to form volatile hydride 
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compounds [33]. Several previous reports support this conclusion. Nakashima et al. [191] 
reported that Si oxide is not removed when the surface is exposed to a high density of 
hydrogen radicals, even if the energy is above 40 eV while the temperature is low. 
Delfino et al. [192] and Ishii et al. [193] observed that the oxide etching rate depends 
very weakly on the ion energy. Shibata et al. [134] showed that a heavier helium plasma 
is not as effective in etching oxides as a hydrogen plasma. Unlike ion bombardment, 
whose effect purely depends on the kinetic energy of the radicals, the chemical reaction 
needs a certain level of excitation by light irradiation, ion bombardment or heating [191]. 
Thus, the removal of oxide from the silicon surface is normally associated with substrate 
heating [121, 134, 194]. Based on such argument, the low-temperature (e.g. 140°C) 
condition might be inadequate to provide a high enough SiO2 etching rate to completely 
remove it within 20 s. Physical bombardment becomes the main mechanism at low 
temperature due to insufficient thermal excitation. However, unlike argon (Ar) plasma, 
the light hydrogen atoms in this case only provide limited momentum transfer to the Si 
surface [192]. In addition, the lower temperature might also reduce the volatility of the 
etching residual, which is water (H2O), so that the chance of SiO2 re-formation increases 
[191-193]. Hence, etching at low temperature is ineffective. It is noticeable from Table 
5.1 that, at 70°C, the lifetime is only 6 µs for sample PE-5, indicating a poor surface 
condition for the low-temperature treated samples. 
On the other hand, when plasma etching temperature rises from 70°C to 190°C, 
the lifetime increases from less than 1 µs (PE-5) to 3.05 ms (PE-1), indicating an 
effective oxide etching. Once the oxide layer is thinned and about to be removed, 
hydrogen atoms start to pile up at the c-Si surface and diffuse into the Si bulk. In Figure 
5.4(a) and (b), a 5 nm thick dark layer is observed. The dark layer, according to the 
findings by Geissbühler et al. [195], might be attributed to near-surface lattice 
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imperfections. These imperfections, especially on Si (100) surface, can occur when H 
atoms are trapped in the silicon lattice [132, 139, 189]. The vacancy-hydrogen complex 
and the formation of hydrogen saturated dangling bonds cause a high H solubility in the 
sub-surface layer [196]. The hydrogen-rich nature of both the surface and the near-
surface bulk is therefore speculated to be a factor that contributes to the improvement of 
the effective carrier lifetime and the effective surface recombination velocity. The 
hydrogen diffusion layer is absent in the HF sample shown in Figure 5.4(g) and (h). 
Interestingly, the ellipsometry results show that the surface subjected to the 
optimal etching condition has the second-lowest pseudo-dielectric spectra peaks among 
the selected samples. Normally, high ε1 and ε2 peaks are desired for a good plasma 
etching [111, 186, 189]. Most of the time, surface roughness created by plasma is detri-
mental due to possible hydrogen penetration into the bulk and condensation on (111) 
plane, which induces surface and bulk defects [133, 135, 197]. Thus, as shown in [111, 
186], the surface defects resulting from surface roughening were greatly emphasised and 
used to explain the correlation of passivation results and plasma conditions, especially 
when low lifetime was observed. In this work, however, despite the clear evidence of a 
slight lattice imperfection due to hydrogen diffusion in TEM images, a large lifetime 
improvement is achieved even when the ellipsometry shows high surface roughness. The 
combination of TEM, ellipsometry and lifetime results leads to the conclusion that the 
surface roughness, as long as being controlled within a tolerable range, is not detrimental 
to passivation. Instead, hydrogen trapping and the hydrogen content at the interface 




Figure 5.4. Low-resolution (left) and high-resolution (right) TEM cross-sectional 
interface images of samples PE-1, PE-3, PE-4 and HF reference. The PE samples were 
etched with the following flow rates and substrate temperatures: 500 sccm and 190C for 
PE-1, 500 sccm and 140C for PE-3, and 700 sccm and 190C for PE-4. 
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Figure 5.5. Pseudo-dielectric functions ε1 and ε2 obtained from spectroscopic 
ellipsometry measurements on HF-etched, PE-etched, and non-etched single-side 
polished FZ Si wafers. The arrows point to the signatures that indicate the change of the 
surface material and roughness. The HF sample’s surface is oxide free and less damaged, 
so it has the highest ε1 and ε2 peaks and the sharpest rise in ε2 at about 3 eV. The surfaces 
of the other samples are either contaminated by oxygen or roughened by the plasma, so 
their ε1 and ε2 signatures change. 
(2) Effect of gas flow rate / pressure 
  
Besides low temperature, the high flow rate / pressure also causes incomplete 
etching as shown in Figure 5.4(e) and (f). Unlike the case for low temperature, the 
surface oxide under high flow rate / pressure condition is less amorphised and the 
pseudo-dielectric function peaks are the highest among the PE samples (Figure 5.5, PE-4). 
This indicates that even though low temperature and high flow rate / pressure cause 
incomplete cleaning, the underlying reasons are different. The insufficient etching at 
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high-flow-rate condition (PE-4) again confirms that the active etching species are 
hydrogen radicals instead of hydrogen gas, which is widely accepted [121]. However, the 
particle type in the hydrogen plasma can vary significantly with the pressure [198]. It has 
been reported that a significant reduction in the electron energy is observed when the 
hydrogen partial pressure is increased [199, 200], which is due to an increased collision 
frequency with neutrals under such condition. Since an electron energy of at least 18 eV 
is needed to generate monoatomic hydrogen species [201], the reduction in electron 
energy at high pressure results in a reduced monoatomic hydrogen population in the 
plasma. This change in monoatomic hydrogen concentration is crucial, not only because 
it is the main etching species, but also because it is more mobile in silicon and SiO2
 
than 
the diatomic species, which can lead to sub-surface barrier layer formation [202, 203]. 
Thus, under high-flow-rate / pressure condition, the insufficient etching is due to the 
reduction of active etching species. 
Besides the mentioned two critical parameters, another interesting phenomenon 
should be addressed. Under low-temperature (PE-3) and high-pressure conditions (PE-4), 
reasonably high effective lifetimes (> 500 µs) are still obtained even though an obvious (> 
1 nm) native oxide residue layer exists at the interface. The untreated sample with neither 
HF dipping nor plasma etching, however, has a lifetime of less than 1 µs. This result 
indicates that the oxide layer must have been hydrogenated and modified by the hydrogen 
plasma. Thus, PE is a powerful method for modifying c-Si surfaces and enhancing the 
hydrogenation of passivation layers. 
5.3.3 Hydrogen plasma etching for high-quality surface passivation  
Using the optimized etching recipe, the highest effective lifetime achieved on the 
100-µm wafers is 3.7 ms, which corresponds to a Seff, max of 1.3 cm s
-1 






. This passivation result is outstanding if compared with previous 
studies on a-Si:H(i) passivation. For example, Schulze et al. [204] achieved τeff of 4.5 ms 
and Seff, max of 2 cm s
-1
 by a 10-nm a-Si:H(i) film on 335 µm thick, 5 Ωcm n-type wafers; 
De Wolf et al. [205] achieved τeff of 4 ms and Seff, max of 2.5 cm s
-1
 by a 50-nm a-Si:H(i) 
film on 300 µm thick, 3 Ωcm n-type FZ wafers; Dauwe et al. [206] achieved Seff, max of 3 
cm s
-1
 by a 30-nm a-Si:H(i) film on 300 µm thick, 1.6 Ωcm p-type FZ wafers; Ge et al. 
[207] achieved τeff of 3.6 ms and Seff, max of 2.6 cm s
-1
 by a 50-nm a-Si:H(i) film on 300 
µm thick, 3 Ωcm n-type Cz wafers. 
The surface recombination velocity achieved in this work is also one of the 
lowest compared to other state-of-the-art passivations using other dielectric layers. Ge et 
al. [208] achieved τeff of 4.7 ms and Seff, max of 1.7 cm s
-1
 by a 25-nm a-SiOx:H(i) film on 
160 µm thick, 1 Ωcm n-type Cz wafers; Duttagupta et al. [209] achieved τeff of 2.5 ms 
and Seff, max of 5.6 cm s
-1
 by a SiNx film on 280 µm thick, 1.5 Ωcm n-type FZ wafers; Liao 
et al. [210] achieved τeff of 4.0 ms and Seff, max of 1.8 cm s
-1
 by an AlOx film on 140 µm 
thick, 5 Ωcm n-type Cz wafers; Kerr et al. [211] achieved τeff of 13 ms and Seff, max of 1.4 
cm s
-1
 by a thermal SiO2 film on 370 µm thick, 10 Ωcm p-type FZ wafers. Besides using 
a-Si:H(i) passivation, combining plasma etching and an amorphous silicon suboxide [a-
SiOx:H(i)] layer results in τeff of 6.1 ms and Seff, max of 1.4 cm s
-1
 on 160 µm thick, 1 Ωcm 
n-type Cz wafers (Appendix D). It can be concluded that, using plasma etching, state-of-
the-art passivation results are achieved. Table 5.2 provides a direct comparison of the 
results achieved in this work with other high-quality passivation schemes.  
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Table 5.2. Comparison of τeff and Seff, max of the plasma etched sample with other high-
quality passivation schemes using HF cleaning. Note that the results from the literature 
were achieved by an HF clean. 
Method Passivation  
scheme 




Plasma etching a-Si:H(i) 
n-type, Cz, 
5 Ωcm, 100 µm 
3.7 1.3 
Plasma etching a-SiOx:H(i) 
n-type, Cz, 




















10 Ωcm, 370 µm 
13 1.4 
 
Hence, plasma etching demonstrates comparable, or even better, passivation 
quality compared with other high-quality passivation schemes. The high effective 
lifetime achieved by plasma etching indicates that this technology is capable of achieving 




A novel plasma etching process using an industrial inline ICPECVD platform 
was developed and optimized in this work. The substrate temperature and the hydrogen 
flow rate were identified as the most critical process parameters. A low substrate 
temperature and a high flow rate / deposition pressure were found to cause insufficient 
SiO2 removal due to insufficient excitation to overcome the energy barrier in the etching 
process and inadequate active etchant concentration in the plasma. Using TEM, 
ellipsometry and effective lifetime measurements, the surface oxide residue, hydrogen 
entrapment, surface roughness and their correlation to the etching conditions were 
investigated. It was found that c-Si surface damage is not a detrimental factor to surface 
passivation, which is contradicting some other reports in the literature. The high-quality 
passivation (eff > 3 ms) achieved by the plasma-etched samples demonstrates that plasma 




Chapter 6: Effects of hydrogen plasma etching on a-Si/c-Si 
interface properties and passivation qualities 
6.1 Introduction 
Although a plasma etching process was developed in the previous chapter and 
excellent results were achieved, the origin of the high effective carrier lifetime is not yet 
fully understood. Moreover, the plasma etching induced surface modification might cause 
parameter shifts for the a-Si:H(i) deposition process, whereby one of the particularly 
interesting aspects is its influence on the epitaxial growth. In addition, the plasma etching 
process may result in different interface properties on planar and textured surfaces, owing 
to different surface crystallographic orientations [(100) vs. (111) c-Si]. Therefore, further 
investigations on the influence of the plasma on the a-Si:H(i) passivation properties are 
necessary.  
In this chapter, the plasma etched c-Si surface bonding configurations are 
investigated by Fourier transform infrared spectroscopy (FTIR), followed by interface 
composition investigation by time-of-flight secondary ion mass spectrometry (ToF 
SIMS). The surface and interface analysis provides a basis for further discussions that 
follow. The special annealing behaviour and the epitaxy-free a-Si:H(i) deposition (at high 
temperature, > 300C) are investigated on planar wafers. On textured wafers, besides 
investigating the passivation quality, a transmission electron microscope (TEM) 
characterization of the interface is also performed.  
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6.2 Experimental details 
In this study, 180 µm thick n-type solar-grade Cz silicon wafers [156 mm × 156 
mm, (100), 1 Ωcm] were used. The wafers underwent the same wet-chemical process as 
described in Chapter 5. 
The used plasma etching parameters are the optimized conditions from Chapter 5, 
and are summarized in Table 6.1. The a-Si:H(i) deposition condition was also the same as 
in Chapter 5 for both HF and PE samples, except that the deposition temperature was 
varied during the investigation of the a-Si:H(i) deposition temperature window. The 
effective lifetime of the passivated samples was measured with the QSSPC technique. 
Table 6.1. Plasma etching parameters used in this study. 
Plasma etching parameter Value 
Plasma frequency (MHz) 13.56 
Plasma power density (W cm
-2
) 0.72 
Hydrogen flow rate / pressure (sccm / mbar) 
(sccm denotes cubic centimetre per minute at STP) 
500 / 0.014 
Substrate temperature (°C) 190 
Cycle time (s) 20 
 
The c-Si surface bonding configurations after the etching processes were 
characterised by FTIR (Bruker Vertex 70, Bruker), using the transmission mode. The 
samples used for the FTIR measurement were single-side mirror-polished silicon wafers 
with high resistivity. The samples were either plasma etched or HF etched without a-
Si:H(i) deposition. Note that the wafers are 1.5 cm × 1.5 cm silicon squares with a thick-
ness of 625 µm.  
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The compositional information of the a-Si/c-Si interface was characterised by 
ToF-SIMS. The depth profiling of oxygen (O), hydrogen (H) and carbon (C) was carried 
out. Such information can help explain the lifetime difference between the PE and HF 
samples.  
TEM (JEOL-2010, JEOL) was used to characterize the a-Si/c-Si interface of the 
textured wafer, because the lifetime measurement indicated different interface properties 
compared with the planar wafers.  
 
6.3 Results and discussion 
6.3.1 Surface properties of the plasma etched Si wafers 
FTIR measurements were performed to identify the oxygen and hydrogen related 
bonding structures. Figure 6.1 shows the infrared absorption spectra for the PE sample, 
the HF sample and the reference sample (out of the box, no etching performed). 
Compared to the HF sample and the reference sample, the spectra of the PE sample 
display four unique absorption bands, which are at 600 - 700 cm
-1
, 780 - 950 cm
-1
, 1000 - 
1200 cm
-1





Figure 6.1. Infrared absorption spectra of the PE, the HF and the untreated samples. The 
vertical dashed lines indicate the various absorption peaks. 
(1)  Hydrogen related bonding 
 
The plasma etched sample displayed three hydrogen bonding bands: the 
stretching modes in the 2000 - 2200 cm
-1
 region, the deformation modes in the 780 - 950 
cm
-1
 region and the wagging mode in 600 - 700 cm
-1 
region, whereas neither the HF 
sample nor the reference sample shows clear absorption in the three regions. In the 
stretching mode region, Figure 6.2(a) shows a Gaussian curve fitted peak at 2118 cm
-1
, 
which corresponds to the Si-H2 stretching mode near 2100 cm
-1
 [212, 213]. At the 
deformation mode region, Figure 6.2(b) shows the decomposed peaks at 843, 880 and 
924 cm
-1
. These peaks can be associated with the Si-H2 deformation modes [165, 214] at 
843 and 880 cm
-1
 and the Si-H3 deformation mode [215, 216] at 924 cm
-1
. The other band 
at 666 cm
-1
 is the result of the Si-H2 or Si-Hn vibration of the surface species [215-218]. 
Those peaks have to be attributed to the hydrogen-silicon bonds because only the 
hydrogen atoms have modified the surface. The dominance of Si-H2 and Si-H3 peaks 
indicates the hydrogen trapping in the form of Si-Hn (n>1). Hence, the FTIR data confirm 
that the plasma etched surface is hydrogen rich, which is also reflected by the dark 
hydrogen trapping layer observed in Figure 6.4. To conclude, the plasma etching results 





















in a high concentration of hydrogen on the surface, in the form of higher-order hydrides 
(e.g. Si-H2). The hydrogen inserted during the plasma etching process can serve as a 
hydrogen reservoir for c-Si surface passivation.  
(2)  Oxygen related bonding 
The 1000 - 1200 cm
-1
 region is associated with the stretching mode of Si-O or Si-
OH species [218-222]. Since PE is an oxygen removal process by a chemical reaction 
between atomic hydrogen and the oxide [223], changes in the oxygen bonding 
configuration are expected. For the untreated sample with native surface oxide, two peaks 
are observed: the one at 1107 cm
-1
 is assigned to the asymmetrical stretching of Si-O-Si 
bridges in the stoichiometric SiO2 [224, 225] and that at 1056 cm
-1
 is assigned to the 
asymmetrical stretching Si-O-Si mode in non-stoichiometric SiOx [226, 227]. For the HF 
sample, the Si-O signal is almost eliminated. In the PE sample, the 1107 cm
-1
 peak 
disappears and two attenuated peaks appear at 1020 cm
-1
 and 1062 cm
-1
, see Figure 6.2(d). 
The peaks at 1020 and 1062 cm
-1
 belong to the small angle (< 144) and large angle 
(~144) Si-O-Si stretching mode in the sub-oxide network [222, 228, 229], respectively. 
Some works [220, 222] also showed that those modes appear with the presence of 
hydrogen containing bonds, such as Si-H, which is reasonable in the context of hydrogen 
plasma etching. Two other oxygen related peaks centred at 780 and 805 cm
-1
 [see Figure 
6.2(b)] are associated with Si-O/Si-H coupling [212] and Si-O-Si [213], respectively. 
Even though oxygen bonding can be detected after the plasma etching, the signal strength 
reduces greatly. The nature of the bonding is also changed to hydrogenated sub-oxide. It 
is noted that there is a 10 - 15 min gap between the plasma etching process and the FTIR 
measurement, thus some of the incorporated oxygen might be due to air exposure. 
Another possible reason for the oxygen presence is that the etching residue H2O (H2O 
and/or OH radicals and the OH
-




Figure 6.2. The deconvolution of the major infrared absorption band of the plasma etched 
(100) surface: (a) 2000 - 2200 cm
-1
; (b) 750 - 950 cm
-1
; (c) 600 - 750 cm
-1
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6.3.2 Interface compositional analysis 
The hydrogen and oxygen concentrations at the a-Si/c-Si interface are the focus 
in this analysis. In addition, as carbon is a common surface contaminant, its concentration 
is also profiled. All SIMS samples in this work were annealed and capped with a ~80 nm 
thick SiNx layer in order to avoid further oxidation and hydrogen effusion before SIMS 
characterization. 
(1) Hydrogen concentration 
 
Figure 6.3(a) shows the SIMS spectra of hydrogen profiles in annealed PE and 
HF samples. It is clear that the hydrogen concentration at the a-Si/c-Si interface of the PE 
sample is higher than that of the HF sample (3   1021 cm-3 vs. 2   1021 cm-3). Combining 
TEM (Figure 6.4), FTIR and SIMS characterization, it can be concluded that the plasma 
etching process creates a hydrogen reservoir at the interface, by inserting H atoms into 
the surface and sub-surface area.  
An additional comment on the influence of the SiNx capping layer has to be made. 
Although SiNx might provide additional hydrogen at the SiNx/a-Si interface, it is not 
significantly influencing the hydrogen content at the a-Si/c-Si interface. Firstly, if the 
hydrogen from the SiNx would dominate the hydrogen concentration at the c-Si surface, 
then the hydrogen content of both samples should be similar. Secondly, if the hydrogen 
from the SiNx would significantly affect the interface, a hydrogen concentration gradient 
would be present at the interface for both samples. However, for the PE sample, the 
hydrogen concentration was found to be constant near the interface.  
(2) Oxygen concentration 
The oxygen concentration depth profiling is shown in Figure 6.3(b). An oxygen 
peak is present in the PE sample, with a concentration of about 2 at.%. The existence of a 
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small amount of oxygen at the interface might be due to: (a) etching residue H2O (H2O 
and/or OH radicals and the OH
-
) [191] re-deposition and (b) ambient exposure [230], and 
there was indeed a vacuum break between plasma etching and a-Si:H(i) deposition with 
elevated wafer temperature. Therefore, on the strongly hydrogenated surface, a 
hydrogenated sub-oxide layer may form. The oxygen incorporated layer may also prevent 
epitaxy [231, 232] and hydrogen effusion [208, 233] to ensure an epitaxy-free interface.  
 
Figure 6.3. Hydrogen, oxygen and carbon concentration profiles of the PE and HF 
samples measured by ToF SIMS.  
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 (3) Carbon concentration  
After RCA cleaning, the silicon wafers were stored in a wafer box in ambient 
environment. In addition, the experiments in this study were conducted in a non-
cleanroom environment. Thus, slight adsorption of hydrocarbons onto the wafers is 
possible. Although the main purpose of plasma etching is to remove oxide layers, it is 
well known that hydrocarbons can also be removed by a hydrogen plasma [234]. 
However, HF dipping is not very effective in removing hydrocarbons [230]. Figure 6.3(c) 





, but a carbon peak at the a-Si/c-Si interface occurs only for the HF sample. Although 
the absolute concentration difference might be too small to affect the effective lifetimes 
of the samples, it is evident that a plasma treatment before film deposition is effective in 
removing carbon related contamination. In fact, carbon can be removed more rapidly than 
oxygen by a hydrogen plasma [196, 230].  
6.3.3 Impact of plasma etching on passivation 
For a-Si:H(i) passivation, a thermal annealing step is normally considered 
beneficial for further improving the passivation quality [116, 204, 235]. It was mentioned 
in Chapter 5 that the annealing conditions are different for PE and HF samples: PE 
samples are annealed at 290C for 3 minutes, while the HF samples are annealed at 
200C for 10 minutes. This was the result of the annealing study. Figure 6.4 shows the 
change of lifetimes after thermal annealing at 200 and 290C for both PE and HF samples. 
It is found that the lifetime of the PE sample increases largely for 290C annealing, but 
rather slowly for 200C annealing; the lifetime of the HF sample, on the other hand, 
degrades for 290C annealing. Since the oxide etching step is the only difference between 
the HF and PE samples, the annealing results strongly suggest that plasma etching creates 
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a different interface compared to the HF dip, which has already been proven by the 
surface and interface analysis reported above. In the next section, the different annealing 
and passivation behaviours of the HF and PE samples will be discussed in detail.  
 
Figure 6.4. Change of effective lifetime in the HF and PE sample after thermal annealing 
at 200C or 290C for 5 min.  
Figure 6.5 shows the lifetimes of the HF and PE samples (on planar wafers) 
before and after the thermal annealing under their respective optimal conditions. The 
a-Si:H(i) deposition conditions are the same for all samples. The error bars are calculated 
using at least five samples. The average lifetime improvement for PE and HF samples is 
about 2.35 ms (0.25 ms to 2.6 ms) and 0.6 ms (1.1 ms to 1.7 ms), respectively.  
It is found that the PE sample has an as-deposited lifetime almost one order of 
magnitude lower than the HF sample, but has a significantly higher annealed lifetime. In 
fact, a high annealed lifetime and a very low as-deposited lifetime is not rare in the 
literature. For example, De Wolf et al. [235] reported an as-deposited lifetime of only 40 
µs but an annealed lifetime of more than 4 ms, achieved with a hydrogen-rich film 
deposited at a low temperature; Schulze et al. [116] also showed that a hydrogen-rich 
























annealing. According to their work, the low as-deposited lifetime (using a hydrogen-rich 
film) is the result of the large amount of hydrogen in the trapped state (this will be 
discussed later in detail), which is ineffective for passivation unless thermally activated 
(diffuse, reorient and saturate the dangling bonds [204, 205, 236]). In the PE sample, the 
presence of a large amount of hydrogen at the interface is also conducive to the formation 
of the trapped hydrogen. Therefore, the lifetime of the PE sample is very low unless 
annealed. One might argue that there is also hydrogenation of the c-Si surface by HF, but 
it has to be noted that the concentration is not comparable to the PE sample since no 
hydrogen signal is detected by FTIR.  
 
Figure 6.5. As-deposited and annealed effective lifetimes of planar PE and HF samples.  
The hydrogen reconfiguration upon annealing in the PE sample is investigated by 
FTIR. Figure 6.6 shows the FTIR spectra (between the wavenumber 1950 - 2250 cm
-1
) of 
the PE sample with single-side a-Si:H(i) film. The individual peaks are obtained by de-
convolving the spectra using Gaussian curves.  
The change in H configuration is apparent upon annealing. The two major peaks 
centred at 2010 and 2085 cm
-1 
correspond to the two stretching modes: the low stretching 
mode (LSM, at 1980 - 2030 cm
-1

























) [237]. The LSM is assigned to compactly incorporated monohydrides Si-H [115, 
237, 238], while the HSM (the trapped state) is assigned to dihydrides as well as 
clustered monohydrides incorporated at the internal surfaces of voids [115]. The 
hydrogen in HSM is not very effective in passivation [116]. 
 In the as-deposited sample, the LSM/HSM ratio is 1/7. The high HSM fraction 
implies that a large amount of the hydrogen is inactive for passivation [116], which is the 
reason to the poor passivation. After annealing at 290C for 3 min, a pronounced increase 
in the LSM/HSM ratio to about 1/2 is observed. The increase indicates a microscopic 
network reconstruction and re-localization of H atoms [116, 117]. The hydrogen 
reconfiguration is the reason for the large lifetime improvement.  
 
 
Figure 6.6. FTIR spectra and the deconvolution of a-Si:H(i) films deposited on the 
plasma etched wafer squares, in the wavenumber range 1950 - 2250 cm
-1
. An increase in 












































Although the hydrogen bonding reconfiguration is apparent upon annealing, it is 
still a question whether the reorientation in the a-Si:H(i) film or near the c-Si 
surface/subsurface is responsible for the lifetime improvement. Judging from Figure 6.4, 
the contribution of H from the a-Si:H(i) layer can be ruled out, because the passivation 
degrades after annealing at 290C for the HF samples. Moreover, the lifetime improve-
ment of the HF sample is much less significant than for the PE sample. Therefore, it is 
reasonable to conclude that the H atoms inserted during the PE process are responsible 
for the passivation improvement.  
6.3.4 Deposition window (tendency of epitaxial growth) 
An epitaxy-free a-Si/c-Si interface is crucial to achieving good passivation [239]. 
The a-Si:H(i) film, however, is prone to epitaxial growth when deposited at high 
temperatures [239, 240]. The epitaxial growth narrows the process window and reduces 
the stability of the process. Although an optimization can be carried out by controlling 
the deposition conditions carefully [207], it is not possible to counteract the parameter 
shifts during the process.  
Figure 6.7 shows the average lifetimes of the as-deposited and annealed PE and 
HF samples as a function of the pyrometer sensed deposition temperature (Tpyro) on 
planar wafers. Four interesting phenomena are observed: (i) the deposition window for 
the HF sample is very narrow, i.e. lifetimes above 1 ms are only achieved between 75 and 
125C, whereas the plasma etched sample can achieve more than 2 ms from 100 to 
325 °C; (ii) the epitaxial growth at the interface is observed in the HF sample to start at 
about 120C deposition temperature, but the PE samples are epitaxy free for all investi-
gated deposition temperatures (since the lifetime increases after annealing for all PE 
samples); (iii) Although very low lifetimes are obtained at low deposition temperature for 
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both HF and PE samples, the PE samples have a larger lifetime gain due to annealing; (iv) 
the as-deposited lifetime of the PE samples increases from 0.02 ms to 1.6 ms as the 
deposition temperature raises from 100 to 300C. Therefore, with plasma etching, the 
deposition window is widened and thus the process stability is improved. 
The hydrogen content is normally considered important to passivation, as 
discussed in [204, 205]. Normally, a higher deposition temperature results in a lower 
hydrogen content [207] and a higher chance of interface epitaxy [239]. In the case of the 
HF sample, the epitaxial growth happens when the deposition temperature rises above 
110C. The lifetime of the PE samples, however, improves with increasing deposition 
temperature, showing that the high deposition temperature is less influential to the inter-
face properties. Thus, it seems that the plasma species dominate the interface hydrogen 
content, and not the deposition temperature. As a result, lifetimes of about 3.5 ms are 
achieved for annealed PE samples, despite a high deposition temperature of above 300C.  
In fact, better lifetime results are obtained at higher deposition temperature for 
PE samples. The as-deposited lifetime increases drastically (~80 times) when the 
deposition temperature rises to 300C. This can be explained by the interface 
reconstruction and hydrogen reconfiguration [235, 239], as mentioned above. Mews et al. 
[32] also showed that on hydrogen plasma pre-treated surfaces, the LSM/HSM ratio 
increases with deposition temperature as well as the lifetime, which aligns with the 
phenomenon observed here. This attribute of PE could potentially eliminate the problem 
of epitaxial growth during HET solar cell fabrication. 
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Figure 6.7. Average effective lifetime as a function of deposition temperature for the as-
deposited and annealed PE and HF samples. The open symbols and the dashed lines 
represent the as-deposited lifetimes and the filled symbols and the solid lines represent 
the annealed lifetimes. The horizontal axis is the pyrometer sensed deposition 
temperature. A similar phenomenon was also observed for the amorphous silicon sub-
oxide passivated samples in [187]. 
The difference between the HF and PE samples indicates that PE, being 
originally a cleaning step, has a dominant effect on the passivation quality. A combined 
process of PE and passivation might be a new way towards achieving high-quality c-Si 
passivation. 
Based on the above observations, it seems possible to understand the contro-
versial passivation results obtained via plasma treatment (see Chapter 2). Without proper 
annealing, especially for low deposition temperatures, the plasma etching seems very 
detrimental to the passivation, as evidenced from the degradation of the as-deposited 
lifetime from 1.5 ms to 0.04 ms when the deposition temperature is reduced. Excellent 
passivation quality can be obtained by applying a post-deposition anneal, and by raising 
the deposition temperature. Thus, it can be concluded that the passivation quality of the 
PE samples is largely dependent on the Process temperature. 
























6.3.4 Application of plasma etching on textured wafers  
The comparison of as-deposited and annealed lifetimes of the textured PE and 
HF samples is shown in Figure 6.8. The average improvement is 0.9 ms (1.2 ms to 2.1 ms) 
for PE samples and 0.25 ms (0.75 ms to 1.0 ms) for the HF samples. Besides the high 
lifetime after annealing, a higher as-deposited lifetime is obtained on textured wafers, 
implying different interface properties compared with planar surfaces. Therefore, TEM 
was used to investigate the textured a-Si/c-Si interface (Figure 6.9). 
 
Figure 6.8. Effective lifetimes of as-deposited and annealed PE and HF samples with 
textured surfaces.  
Compared with the planar sample of Figure 6.4, the textured sample has no signs 
of hydrogen trapping in the c-Si wafer. The absence of a hydrogen trapping layer in the 
textured sample indicates a lower hydrogen concentration in the sub-surface region. On 
the textured surface, the hydrogen chemisorption or physisorption thus only seems to 
























Figure 6.9. Low-resolution (left) and high-resolution (right) TEM cross-sectional 
interface images of a plasma etched textured sample. 
The distinct interface properties are the result of different surface orientations. 
Schneider [140] showed that the Si (111) surface is very stable under plasma etching and 
that no sub-surface defects are observed even after 60 min of hydrogen plasma exposure. 
In contrast, the hydrogen platelet (see Figure 2.17) along the (111) plane can be clearly 
observed on the (100) surface [121, 140, 142, 241]. According to Van de Walle et al. 
[242], the hydrogen atom diffuses in c-Si along the (111) plane, which is in the direction 
into the bulk on a (100) surface, but along the surface on a (111) surface. Therefore, on 
the textured surface, hydrogen atoms can only pile up along the surface unless the first 
layer of Si atoms is etched away. Further details on the orientation dependent hydrogen 
plasma etching mechanism are given in Section 2.5.3. 
Although the bulk trapped hydrogen is absent in textured wafers, a high lifetime 
is still achieved after annealing, which indicates that the hydrogen concentration at the 
surface (i.e., at the interface) is still sufficient for good passivation, which is in agreement 









Figure 6.10 plots the best passivation results achieved in the present study on PE 
and HF samples (on both the textured and planar wafers). Using plasma etching, a 
significant improvement of the effective lifetime is observed for both types of surfaces: at 




, the lifetime increase from 1.8 ms to 3.5 ms for the 
planar sample and from 1.3 ms to 2.5 ms for the textured sample.  
For both the PE and the HF samples, textured surfaces give lower effective 
lifetimes than planar ones, which is logical because the textured surface has a larger 
surface area (~1.7 times larger) and a higher defect density (~3 times higher) [244]. It is 
noted that the textured PE sample has a higher lifetime than the planar HF sample. 




Figure 6.10. Effective lifetimes of annealed PE and HF samples on textured and planar 
wafers as a function of the bulk injection level. The PE samples show higher lifetimes 














































The surface and interface properties of the HF and PE samples were compared. 
The FTIR measurements proved that the wafer surface is strongly hydrogenated by the 
plasma etching process. The additional hydrogen from the plasma contributes to the 
higher H concentration at the a-Si/c-Si interface. According to SIMS measurements, the 
PE sample has a 50% higher hydrogen concentration at the interface than the HF sample. 
This result indicates that a short plasma etching process can significantly influence the 
interface properties. A thermal annealing process is needed to re-arrange the trapped 
hydrogen and to provide effective c-Si passivation. Because of the hydrogen supply from 
the plasma, its concentration in the a-Si:H(i) film is no longer sensitive to the deposition 
temperature, which enables deposition temperatures of 300C and beyond without 
triggering epitaxial growth. 
The application of plasma etching to textured wafers showed several similarities 
with flat surface, such as better lifetimes compared with HF treated samples. However, 
the TEM images of textured samples showed that the a-Si/c-Si interface is free of the 
dark hydrogen trapping layer, which is due to the fact that the Si (111) surface resists 
hydrogen plasma etching. The high as-deposited lifetime also suggests a surface with less 
hydrogen trapping and micro-damage. The high lifetime obtained without a c-Si bulk 
hydrogen trapping layer implies that, for a-Si:H(i) passivation of c-Si, the interface 
hydrogen is the determining factor. 
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Chapter 7 Summary and Proposed Future Work 
 7.1 Summary 
This thesis addressed wafer surface treatments for monocrystalline silicon wafer 
solar cells. Three etching technologies were developed and investigated: (i) rapid IPA-
free texturing (‘alkaline etching’) to shorten the texturing time and reduce the 
consumption of additives, (ii) n
+
 emitter etch back (‘acidic etching’) to improve the 
emitter surface passivation, and (iii) hydrogen plasma etching (‘plasma etching’) to 
improve the a-Si:H(i) passivation of HET solar cells.  
The rapid IPA-free texturing process was realized using a highly nucleophilic 
compound – triethylamine – as the nucleation chemical, and using a tensioactive 
compound – diethylene glycol – as the surface wetting chemical. The process time was 
reduced to 5 min (compared with 30 min for the conventional process) and the main 
additive dosage was reduced to only 0.48 vol.% (from 8 vol.%), because triethylamine is 
highly effective in forming pyramids through Si-N bonding. Using triethylamine, a multi-
component texturing solution was demonstrated. 
The n
+
 emitter surface passivation was improved by a room-temperature buffered 
HF etch back. The etch-back solution was obtained by adding ammonia, to increase the 
pH value of the HF solution. In only three minutes the developed etch-back process 
removes 10 nm of the outmost defective layer, which in turn resulted in a state-of-the-art 
n
+
 emitter passivation and an improved solar cell efficiency (18.85% to 19.0%). The 
analysis showed an etching rate of 3.5 nm min
-1
 for phosphorus-doped textured c-Si 
surfaces. This high etching rate is a result of hydrolysis mediated etching and stress 
induced amorphization of the highly n
+
 doped emitter surface. 
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The hydrogen plasma etching process was developed in an industrial ICPECVD 
tool, to remove the native oxide. This process seems to be the first successful industrial 
application of plasma etching for the passivation of HET solar cells. The influence of the 
various etching process parameters was determined by combining TEM and ellipsometry 
measurements. In the a-Si:H(i) passivation study, an extremely low surface recom-
bination velocity of 1.3 cm s
-1
 was achieved with the plasma etching process, i.e. without 
the use of HF acid. Besides the SiO2 removal, the hydrogen plasma process was also 
shown to insert additional hydrogen to the c-Si surface and sub-surface region. The 
additional hydrogen enabled the samples to achieve higher effective lifetimes and 
withstand higher deposition and annealing temperatures (up to ~300°C). The study 
demonstrated that plasma etching is a simple but powerful method to remove the surface 
oxide and, simultaneously, to modify the semiconductor surface in a beneficial way for 
solar cell applications. 
 
7.2 Proposed future work 
The current mono-Si wafer texturing processes in the PV industry are still based 
on batch processing. However, the rapid process developed in this thesis potentially 
enables the use of an inline texturing tool. However, some engineering efforts are needed 
to realise an inline process. Firstly, it has to be ensured that the wafers can sit stably on 
the inline belt, because the hydrogen bubbles generated at the bottom side of the wafer 
may cause the wafer to move around. Secondly, the process conditions must be re-
optimized, because in mass production the number of processed wafers is huge compared 
with the number used in the experiments of this thesis. Some of the possible critical 
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issues could be solution overflow, silicate accumulation, and the depletion rate of the 
additive.  
The potential of the buffered HF etching process might not be limited to n
+
 
emitter etch back of p-type silicon solar cells. Thus, the investigation should be extended 
to boron doped emitters of n-type solar cells. Both diffused and ion implanted p
+
 emitters 
should be investigated. It also seems worthwhile to investigate the potential of the 
process for HET solar cells, whose performance is very sensitive to the surface condition.  
Plasma etching, as a new process step, requires further work to fully understand 
its influence on the solar cell performance and how to integrate it into the fabrication 
process. Firstly, the plasma treatment might change the optimal process parameters for 
HET solar cells. For example, because of the additional hydrogen from the plasma, the 
a-Si:H(i) thickness can possibly be reduced, which in turn would reduce parasitic 
absorption losses and enhance the charge carrier tunnelling probability; furthermore, 
because of the reduced tendency for epitaxial growth of the plasma samples, the TCO and 
contact properties can possibly be improved by performing both processes at higher 
substrate temperatures. Secondly, in order to combine the plasma etching process with 
the a-Si:H(i) deposition and thereby giving an in-situ process, the plasma etching time 




Appendix A: Investigation of KOH-IPA texturing process 
To develop an IPA-free silicon texturing process, it is imperative to understand 
the roles of KOH and IPA during the pyramid formation process in order to discover new 
chemicals and optimize the new process. However, despite numerous attempts and 
theories, the texturing morphology control mechanism is still being debated. Thus, in this 
work, KOH and IPA concentrations are varied to observe their influences on the pyramid 
formation (nucleation) and development. A simple model for the morphology control is 
proposed subsequently.  
Planar 180 µm thick n-type solar-grade Cz silicon wafers (125 × 125 mm
2
, (100), 
5 Ωcm) were used. Before texturing, the wafers first underwent a standard SDE to obtain 
a flat and uniform starting surface. The experiment was carried out in a 40-L bath with 
embedded temperature controller and stirrer. The temperature was fixed at 80˚C, which is 
near the boiling point of IPA. Since the final large pyramids are the result of small 
pyramid formation and growth, the two texturing stages - nucleation and development - 
were investigated after the wafers were etched for 5 and 15 minutes, respectively. The 
impact of KOH concentration was investigated without IPA addition and the impact of 
the IPA concentration was investigated with KOH concentration fixed at 2.5 wt.%.  
Figure A. 1 shows the influence of KOH concentration on the surface morpho-
logy. As the concentration increases from 0.3 to 2.5 wt.%, despite a higher etching rate 
(Figure A. 3), the nucleation density decreases after 5 min and the pyramid size decreases 
after 15 minutes. It can be concluded that the increase in KOH concentration reduces the 
nucleation density and hinders pyramid development (etching of pyramids becomes 
faster), resulting in a lower surface coverage. 
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Figure A. 1. SEM images of wafers etched for 5 and 15 min in solutions with varied 
KOH concentrations. No IPA was present in the etching solution. 
Figure A. 2 shows the influence of IPA concentration on the surface morphology. 
As its concentration increases from 1 to 8 vol.%, despite a lower etching rate (Figure A. 
3), the nucleation density increases after 5 min but the developed pyramid size decreases 
after 15 min. It can be concluded that the increase in IPA concentration promotes 
nucleation, leaving an enhanced surface coverage. 
It is worth mentioning that although the pyramid size becomes smaller with 
increasing IPA or KOH concentration, the fundamental causes are different. In the case 
of KOH, the increased concentration results in a higher etching rate of both pyramids and 
surface, so the pyramids also suffer from continuous etching without protection. However, 
the increase in IPA concentration results in a denser nucleation and lower etching rate. 
Once the pyramids intersect with each other, further development is hindered.  





Figure A. 2. SEM images of wafers etched for 5 and 15 min in solutions with varied IPA 
concentrations. The KOH concentration was kept at 2.5 wt.%.  
 
Figure A. 3. Nucleation density and etched thickness as functions of KOH and IPA 
concentrations, after being etched for 5 minutes as shown in Figure A. 1 and Figure A. 2. 
The etched thickness is calculated based on the weight reduction and the nucleation 




Based on the experimental results, a simple texturing model is proposed, as 
shown in Figure A. 4. The final surface morphology is determined by nucleation and 
development. Nucleation is the prerequisite for anisotropic etching, as pyramids cannot 
form without nucleation, as shown in Figure A. 1. Development stage is controlled by 
three parameters: pyramid etching rate (     ), (100) surface etching rate (      ) and 
the nucleation density (the distance between pyramids,  ). Comparing 0.3 to 1 wt.% 
KOH, only marginal increase in pyramid size after 15 minutes is observed. This indicates 
that pyramids cannot properly grow if they are unprotected and etched fast. It is easy to 
understand that the higher the       , the faster the pyramid development and intersection 
with each other. This, therefore, leaves a smaller temporal window for further nucleation 
between the pyramids. Finally, a short distance between the pyramids leaves less room 
for pyramid development, resulting in small features as indicated in Figure A. 2. The in-
fluence of KOH and IPA concentrations on those parameters is summarized in Table A. 1. 
 
Figure A. 4. Model for the textured surface morphology control mechanism. 
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Table A. 1. The influence of KOH and IPA concentrations on the surface morphology 
control parameters. 
 
Using this simple model, without introducing large variation to the etching para-
meters, three textured surfaces with distinct pyramid sizes were produced, as shown in 
Figure A. 5. Taking the medium pyramids as reference, a 15% increase in IPA concen-
tration to enable dense nucleation and slow (100) surface etching results in smaller 
pyramid size; to obtain larger pyramids, IPA concentration is reduced by 30% and KOH 
concentration is increased by 80% to enable spacious nucleation and faster (100) surface 
etching, and at the same time, provide enough protection to the pyramids.  
 
Figure A. 5. SEM images of three textured surfaces with distinct pyramid sizes.  
 









Appendix B: Formation of electron-deficient Si atoms 
This section is dedicated to providing details on the formation of dative bond 
between the electron deficient Si atom and TEA. The Si (100) surface atoms have two 
dangling bonds in sp
3
 hybrid orbitals, as shown in Figure B. 1(a). The large dangling 
bonds density makes such surface unstable, which tends for reconstruction. According to 
Duke [245], the first principle of surface reconstruction suggests that the configuration 
and property of surface atoms should correspond to the minima of the surface free 
energies. Therefore, surface reconstruction tends to either saturate DBs via re-
hybridization or convert them into nonbonding electronic states. The unstable dangling 
bond configuration in Si atom makes it energetically favourable to bond with other atoms. 
Thus, some Si atoms will pair into dimers by forming Si-Si covalent bonds, as illustrated 
in Figure B. 1(b).  
The existence of the surface Si-Si dimer facilitates the Si-N dative bond 
formation, as the asymmetric electron cloud in the dimer makes one of the atoms more 
electron positive. It is this electron deficient atom that reacts with the lone electron pair 
through a Lewis acid - base interaction. Figure B. 1 illustrates the formation of an 
asymmetric dimer (Siup - Sidown), according to Kubby and Boland [246]. The dimer is first 
formed through a σ-bond by two dangling bonds of the two Si atoms [Figure B. 1(b)]. 
The orbitals of the rest two dangling bonds are slightly overlapped and form a weak π-
bond. According to the calculation [247, 248], the bonding state (π) and the anti-bonding 
state (π*) only have an energy difference of 0.5 eV straddle the Fermi level, leading to a 
semi metallic surface. Due to its unstable one-dimensional nature [245], the dimer 
undergoes distortions and becomes asymmetric, opening a gap between the filled 
electronic states (on Siup) and the empty states (on Sidown) to make the surface insulating 
[Figure B. 1(d)] [246]. The Sidown atom becomes a Lewis acid because of its electron 
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deficiency (electrophilic). Then the TEA can engage its electron lone pair to the empty 
dangling bond of the Sidown to form dative bonds.  
 
Figure B. 1. Si surface reconstruction process: (a) ideal Si (100) surface atoms with two 
DBs each; (b) formation of σ-bond; (c) π-bond formation between the DBs and (d) 
buckled dimer with further separation of the DB levels associated with the up and down 
dimer atoms. The schematic is adopted from [246].  
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Appendix C: Physical properties of isopropyl alcohol, triethyl-
amine and diethylene glycol  
Table C. 1. Chemical formulae and basic physical properties of IPA, TEA and DEG. The 
















Molecular C3H8O C6H15N C4H10O3 
Melting point -89.5˚C -115˚C -10˚C 
Boiling point 82˚C 90˚C 245˚C 
Density 0.785 g/ml at 25˚C 0.728 g/ml at 25˚C 1.118 g/ml at 25˚C 
Water 
solubility 
miscible 133 g/L at 25 C miscible 
Surface 
tension 
20.93 mN/m at 
25˚C 
20.93 mN/m at 20˚C 44.8 mN/m at 25˚C 
Vapour density 2.1 (vs. air) 3.5 (vs. air) 2.14 (vs. air) 
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Appendix D: High-quality surface passivation achieved by 
combining hydrogen plasma etching and amorphous silicon sub-
oxide thin films 
The a-Si:H(i) as a passivation material has two major drawbacks: it is prone to 
epitaxy growth and it causes optical loss through parasitic adsorption as a front 
passivation layer. Therefore, a higher bandgap material, amorphous silicon suboxide [a-
SiOx:H(i)], is recognized as an alternative [208, 231], due to its higher stability against 
epitaxy growth and degradation [187]. In this study, the HF-free plasma etching 
developed in Chapter 5 will be combined with the developed a-SiOx:H(i) films [208] to 
achieve excellent passivation results. 
The 180 µm-thick n-type solar-grade Czochralski (Cz) silicon wafers [156 × 156 
mm
2
, (100), 1 Ωcm] were used in this work. The wafers firstly underwent the same wet 
chemical cleaning as described in Chapter 5. The wafers were then etched by hydrogen 
plasma in the SINGULAR machine under various conditions. Lastly, they were 
symmetrically passivated with ~25 nm a-SiOx:H(i) films developed in [208]. 
(1) Surface passivation 
Excellent effective lifetimes of 6.1 ms and 5.4 ms were achieved on planar and 
textured surfaces, as shown in Figure D. 1, which are higher than the HF reference 
lifetimes of 4.7 ms and 2 ms. Such high effective lifetimes indicate that plasma etching is 
a robust method for achieving good c-Si surface passivation. To gain more insight into 



























































Figure D. 1. Effective lifetime as a function of injection level for the best HF and PE 
passivation samples on both planar and textured wafers. The intrinsic lifetime is 
calculated based on the model proposed by Richter et al. [190]. 
(2) Interface analysis 
Figure D. 2 shows the HR-TEM images of the a-SiOx/c-Si interface of the best 
HF and PE passivation samples. Neither of the interfaces is flat and abrupt. In fact, a dark 
layer of 3 - 5 nm protruding into the a-SiOx:H(i) film is observed on both samples. Such 
layer is common to the a-SiOx:H(i) passivation and it is an incubation layer instead of 
epitaxial growth [187]. The incubation layer is normally not detrimental to passivation. 
Compared to the HF sample, the PE sample has two unique features: (1) the interface 
between incubation layer and c-Si can be clearly identified; (2) the sub-surface area 
exhibits an additional 2 - 3 nm dark layer.  
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The reason for the a clearer a-SiOx/c-Si interface might be due to a higher 
concentration of hydrogen on the PE sample, which will be characterized by the electron 
energy loss spectroscopy (EELS).  
The sub-surface dark layer is the result of hydrogen trapping during PE, which 
causes the slight lattice imperfection in the c-Si. Such a trapping layer was discussed in 
Chapter 5. It serves as a hydrogen reservoir to passivate the surface defects after 
a-SiOx:H(i) deposition. For more details on the interaction between hydrogen plasma and 
silicon, readers can refer to Section 2.5.3. 
 
Figure D. 2. TEM cross-sectional images of a-SiOx:H/c-Si interface on HF (left) and PE 
(right) samples. 
EELS signal is obtained by exciting atomic electrons located in inner atomic 
shells using an electron beam with a known kinetic energy. Due to different core-electron 
binding energies for different elements, EELS can identify the elements present in the 
sample [251] with a detection limit of 1 - 2 at.%. Atomic density change can be directly 
reflected by the EELS signal intensity. It is more suitable to detect light-weight elements 
such as carbon, oxygen and silicon, compared to energy-dispersive X-ray spectroscopy 
(EDX). Figure D. 3 shows silicon (Si-L edge ~99 eV), oxygen (O-K edge ~532 eV) and 
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carbon (C-K edge ~283 eV) EELS spectra across the interfaces of the PE sample. No 
oxygen information is picked up at the interface, indicating that its concentration is below 
2 at.%. The silicon signal intensity drops about 10% at the interface compared to the bulk, 
indicating less Si atoms are present at the interface, including the a-SiOx:H layer. This is 
probably caused by H pile-ups at the surface as well as in the sub-surface area introduced 
by the hydrogen plasma (as indicated by the FTIR and SIMS measurement in Chapter 6). 
Therefore, the clear interface between c-Si and the incubation layer in the a-SiOx:H(i) is 
likely to be the result of hydrogen incorporation.  


































Figure D. 4. EELS signals obtained from an interface cross-sectional scan for silicon, 
oxygen and carbon. 
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Appendix E: Effect of hydrogen plasma etching on a-Si/c-Si 
interface band bending 
In this section, an additional investigation of surface band bending is carried out 
to provide insight into the fixed charges in a-Si:H(i) film near the interface. The surface 
band bending (as shown in Figure E.2) was spatially mapped by the probe embedded in 
the SEMILAB PV-2000.  
(1) Introduction to contact potential difference (CPD) measurement 
The principle of CPD measurement (SEMILAB, PV-2000) is illustrated in Figure 
E.1, based on the work by Wilson et al. [252]. The CPD probe is place approximately 1 
mm above the wafer. A vibrating fork directly below a steady reference electrode 
modulates the probe to wafer capacitance and generates an AC current signal. The AC 
signal is directly proportional to the contact potential difference (     : 




where   is the capacitance between the probe and the wafer and     is the generated AC 
current.  
The light illumination comes into the picture when the surface barrier (   ) is 
determined. The     is the potential change across the space charge region at the wafer 
surface. The value of     is an indication of the amount of fixed charge in the dielectric 
passivation layer and the interface. Under strong illumination, the surface barrier is 
flattened due to almost equal number of electron and hole concentrations. Thus, band 
bending is determined by measuring the contact potential difference under dark and 
strongly illuminated conditions [252]:  
152 
        
         
    0.2 
where     
     and     
    are the contact potential differences under dark and illuminated 
conditions, respectively.  
The probe could move in two dimension to map the spatial distribution of the 
band bending over the whole wafer, as shown in Figure E.2. 
 
Figure E.1. CPD probe setup in the SEMILab PV-2000 tool, after [252]. 
(2) Surface band bending measurement 
The HF reference sample shows an average band bending of 0.09 eV. In contrast, 
the optimum PE sample has a large band bending of 0.53 eV, which drives the n-type c-
Si surface into inversion. Detailed band diagram is shown in Figure E.3. The drastically 
different band diagrams suggest that plasma etching significantly alters the interface 
properties. The formation mechanism of such large band bending will be discussed next. 
The large band bending indicates that there exists a significant electrical field 
near the interface, which is induced by fixed charge (  ) in the a-Si:H(i) layer. The field 
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effect has been studied by many researchers [43, 253, 254]. Taking the PE sample as an 
example, physically, the built-in electric field [e.g. the     in Figure E.3(b)] repels the 
electrons and reduces the electron concentration significantly at the interface. Since 
recombination process involves both electron and hole, it reaches maximum when the 
populations of the two species are equal (assuming the same capture across section for 
electrons and holes). The reduction in electron concentration effectively suppresses 




Figure E.2. Surface band bending at c-Si/a-Si:H(i) interfaces on the HF and PE samples. 
The negative sign of the band bending means that the surface is in depletion or inversion 









































Figure E.3. The a-Si/c-Si interface band diagrams of the (a) HF sample and (b) PE 
sample. 
In fact, many common dielectric layers embed large  . For example, normal    




















respectively. However, for amorphous silicon,    is often reported as insignificant. It is 
the first time to observe such a large amount of negative fixed charge in a-Si:H(i) for Si 
passivation.  
The origin of the    has to be related to the hydrogen plasma etching because 
a-Si:H(i) film alone does not provide a comparable field effect. Note that the silicon 
substrates used in this work are phosphorus (P) doped n-type silicon wafers. It has been 
found that a donor-hydrogen complex, the P-H, forms when P-doped c-Si is exposed to a 
hydrogen plasma [258, 259]. A hydrogen atom that bounds to a donor can be freed by 
heating and become a stable H
-
 species [260]. In fact, according to Rizk et al. [261], the 
diffusion coefficient of H
-
 is one magnitude higher than the neutral H
0
 in silicon. It is 
very likely that the negatively charged hydrogen can diffuse to the interface and become 
the physical origin of the   .  
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